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ABSTRACT 
IDENTIFYING KEY FACTORS AFFECTING TRANSLATIONAL LANDSLIDES IN 
PART OF THE YAKIMA FOLD AND THRUST BELT, WASHINGTON STATE 
by  
Joseph Frank Schilter 
May 2019 
Washington has one of the fastest growth rates in the nation, and unfortunately 
also is among the most landslide-prone states. With increased population density and 
urban sprawl, the need for landslide hazard assessment grows. On the Columbia Plateau in 
central Washington, the smooth rigid, inclined surfaces of the Columbia River Basalts 
(CRBs) with loose sediment layers between them induces landslides of large blocks of 
bedrock. These hazards remain poorly understood, but their significance was heightened 
by the 2017 Rattlesnake Hills Landslide that currently threatens a community and an 
interstate highway south of Yakima, Washington. I propose that the strongest influences 
on translational landslides within the folded CRBs and sediment layers are dip slope 
angle, sediment composition and hillslope base removal. Using ArcGIS 10.5 mapping 
software, my research combines previous mapping efforts, the Washington State 
Landslide Inventory, and the Washington DNR Lidar Portal to evaluate landslide factors. 
Having conducted field work and sampled material from two sedimentary members in the 
area with the highest frequency of translational landslides in my study area, I compare 
grain size, hydraulic conductivity, dip slope angle, and the apparent dissection and 
debuttressing of overlying basalt members to identify relative significance of these factors. 
I aim to better understand where and why translational landslides are likely to develop to 
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asses associated risk and avoid hazardous conditions of area prone to translational 
landslides.  
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CHAPTER I 
INTRODUCTION 
The Rattlesnake Hills translational landslide in Central Washington State became 
increasingly active in late 2017, posing hazards to Interstate 82 and a small residential 
community (Figure 1). The slide initiated at the contact between a sheet of basalt and an 
underlying deposit of semi-consolidated sedimentary rock within the east-west trending 
anticlinal folds of the Yakima Fold and Thrust Belt. It has remained active for over a year, 
creeping slowly down slope (C. Hammond personal communication, 2019). The 
Rattlesnake Hills translational landslide and the risk it imposes formed the inspiration for 
this study. Other prehistoric translational slides have occurred at the interface of the same 
geologic units locally. Although the Rattlesnake Hills Landslide is located outside the 
Figure 1. Location map of the Rattlesnake Hills Landslide in Union Gap, Washington. The sliding land 
mass, highlighted in red, is situated east of the Yakima River and Interstate 84 just above the Columbia 
Asphalt rock quarry north of a residential community. 
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study area, it is the only analogous translational landslide known in the region by which 
other older translational landslides are compared in this study. During this study, I 
investigated the effects of debuttressing; sediment size, sorting and shape; precipitation, 
permeability and porosity; and shear strength among four geologic members associated 
with translational landslides in the folded Columbia River Flood Basalts (CRBs) and 
sediment interbeds of the Yakima Basin. 
Purpose 
 The main goal of this research is to identify common factors of 
translational landslides and interpret possible causes of this specific slope failure in the 
Yakima Fold and Thrust Belt in central Washington (Figure 2). A secondary goal is to 
locate previously undocumented translational landslides contributing to the Washington 
Geological Survey Landslide Inventory. This broad goal encompasses multiple specific 
objectives. The first objective is to identify particular geologic members that show greater 
association with translational landslides than others. Translational landslides occur 
worldwide for a variety of factors listed above (Hungr et al., 2014; Pollet and Schneider, 
2004; Zang et al., 1994; Ying, 2005; Chigira and Suzuki, 2016; Bottino et al., 2011; Lee, 
1938; Jaccobaci, 2017; Pierson et al., 2016). The second objective is to determine whether 
some factors are more common than others in the unique geologic setting of the study 
region. If such factors exist, a third objective is to identify the range of conditions under 
which the translational landslides occur. Satisfying these objectives is a critical step 
toward hazard assessment and risk reduction in the region. 
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CHAPTER II 
BACKGROUND 
 Mass wasting events are triggered in many different ways due to variability and 
strength of earth materials, hydrology, uplift, slope loading, devegetation, weathering and 
debuttressing by natural or human causes (Highland, 2004; Clague, 2010; Hungr et al., 
2014; Varnes, 1954; Varnes, 1978). Mass wasting events result in the downward and 
outward movement of any combination of rock, soil or artificial fill away from a source 
location (Hungr et al., 2014). In general, these events can be categorized into seven 
distinct types: falls, topples, rotational slides, translational slides, lateral spreads, flows or 
complexes (Fig. 1) (Clague, 2010; Highland, 2004).  
Translational Landslides 
  Translational slides occur as a mass of fractured rock separates from a stable scarp 
head, forming a vertical or near vertical tension crack which grows as the mass begins to 
slide along a planar rupture surface (Highland, 2004; Clague, 2010; Hunger et al., 2014). 
Translational slides may occur rapidly – exceeding 100 meters per second in some cases 
(Clague, 2010) – and include some of the largest and most destructive landslides on Earth 
(Hungr et al., 2014; Wu and Li, 1994). Slides are often triggered by undercutting a dip 
slope through erosion or excavation (Highland, 2004). Scheidegger (1973) and Hsu (1973) 
found the coefficient of friction (the resisting force which must be overcome for sliding to 
occur) within failure plain surfaces to be inversely related to slide volume. These types of 
slides may occur at any scale within the weak failure planes of layered and folded 
sedimentary rocks, schistose metamorphic rocks, or along the stress relief joints of 
intrusive rocks. (Hungr et al., 2014).  
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As mentioned above, translational landslides have been shown to be triggered by a 
variety of factors. While it is possible that a single factor may trigger a landslide, often a 
slide occurs from the collective influence of several factors. The characteristics of the 
interbed sediments collectively contribute to the development of translational landslides in 
several ways. First, as grain size increases, interstitial pore spaces increase and frictional 
surfaces between grains decreases. However, as sediment sorting decreases the number of 
friction surfaces increases. As pore spaces increase, the capacity for the sediment to store 
water increases depending on its permeability. If pore pressures grow at a greater rate than 
the permeability factor, friction decreases (Rong et al., 2013; Badhon and Islam, 2017; 
Bareither et al., 2008; Santamarina and Cho, 2004). The following examples of 
translational landslides involve similar characteristics and processes to those I discuss later 
in this report. 
The Flims landslide is the largest landslide in the Alps (Pollet et al., 2005) and one 
of the largest translational landslides in the world (Pollet and Schneider, 2004).  This 
event occurred between 8 and 9 Ka in eastern Switzerland after supporting rock was 
excavated from the southern flank of the Flimserstein Mountain by a glacier. As the 
glacier retreated up valley, a failure plane developed within a bed of shale dipping about 
12° to the south (Pollet and Schneider, 2004), and an overlying block of limestone rock 
forming the valley wall broke free burying the valley below in an estimated 12 km3 of 
landslide debris (Ivy-Ochs et al., 2009). 
 Data gathered from numerous events in the Sichuan Basin in China suggest that 
the dip angle of the failure surface for such slides is usually less than the internal friction 
angle (angle formed between the normal force and resultant force just as failure occurs due 
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to shear stress (Hough, 1969)) of the soil in the failure zone (Fan et al., 2009). 
Translational slides are common in the parallel bedded sandstones and mudstones of, and 
they account for the largest and most dangerous types of landslides in the region (Fan et 
al., 2009; Kong and Chen, 1989). Here, numerous landslides have been reported within 
bedrock dipping as shallow as 3 to 5 degrees (Fan et al., 2009). In these settings, 
translational slides are activated as rainfall gathers and infiltrates tension cracks or shear 
fractures building pore pressure within the rock (Zang et al., 1994; Ying, 2005).  
 Translational landslides may occur in association with shallow dip slope angles. 
Chigira and Suzuki (2016) considered earthquake-induced translational landslides in 
pyroclastic fall deposits. Pyroclastic fall deposits typically develop slope-parallel mantle-
bedding. These features occur on gentle slopes and are well suited to landslides with long 
run out. Landslides in these settings do not typically occur on steep slopes because ash fall 
deposits do not form slopes steeper than the angle of repose. Associated landslides may 
occur on dip slopes shallower than 20 degrees; these events have low apparent friction 
angles, are common and very mobile (Chigira and Suzuki, 2016). Moreover, equivalent 
coefficients of friction have been shown to decrease inversely with landslide volume 
(Scheidegger, 1973; Hsu 1975). Failure plains were observed to develop within or just 
below the surface of weathered pumice in over 400 documented landslides in Japan, El 
Salvador and West Sumatra (Chigira and Suzuki, 2016). 
Other translational landslides on shallow dip slopes initiate along prestressed 
failure planes. Translational landslides have been known to propagate in the Langhe 
region of NW Italy for over 200 years and are considered the most common type of 
landslide in the region. These landslides typically occur within slope-parallel beds dipping 
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between 6 and 12 degrees.  One such event in 1994 caused the deaths of 20 individuals 
and considerable property damage. Tectonic compression of the originally sub-horizontal 
strata gently folded a suite of fluvio-deltaic sedimentary beds that are similar to the folded 
strata of the Yakima Fold Belt in the study area of this report. Many of the landslides in 
the Langhe region appear to have initiated failure planes within sedimentary interbeds that 
were stressed to their residual strength (the force a prestressed material can sustain before 
failure (Hough, 1969) during prior flexural slip accommodation between strata. 
Dissolution of calcite through the most permeable strata and increased pore pressures from 
heavy rainfall are examples of auxiliary factors associated with the landslides of this 
region (Bottino et al., 2011). 
 Some of the first reports of slow-moving translational landslides associated with 
flood basalts were documented in the Salmon Creek Canyon of south-central Idaho early 
in the 20th century. In 1935, head scarp cracks near the eastern canyon rim and tension 
cracks along the canyon floor were observed and continued to develop over the following 
2 years. These observations prompted farmers to abandon their lands within proximity of 
the tension cracks. Approximately one year later, a landslide occurred as large blocks of 
basalt lava rock slowly slid over 100 feet westward into the canyon. The slide reportedly 
occurred due to Salmon Creek channel incision and removal of supporting material on the 
canyon floor at the base of the canyon wall that failed (Lee, 1938). 
 Translational slides involving flood basalts have also been observed along the 
Columbia River Gorge in Washington State. During the Pleistocene, glacial outburst 
floods scoured supporting earth material away within the gorge leaving dipping strata 
unsupported on the northern wall of the Columbia River canyon. Here, vast exposures of 
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south-dipping flood basalts interbedded with less competent volcanic material of the Eagle 
Creek Formation form the canyon walls containing the Columbia River and its tributaries 
(Palmer, 1977; Pierson et al., 2016). In several instances, large masses of basalt have 
broken loose, sliding into the Columbia River along the weaker dipping interbeds 
(Jaccobaci, 2017; Pierson et al., 2016).  
Study Area 
I have chosen to study translational landslides in an area encompassing 575 square 
kilometers in south-central Washington State, east of the Cascade Range. The study area 
lies predominantly in the Wenas Wildlife Area west of the Yakima Training Center 
between the towns of Ellensburg and Selah (Figure 2).  
Climate and Physiography 
The study area experiences warm, dry summers and cool winters. This region lies 
within the rain shadow of the Cascade Range. On average, this part of eastern Washington 
receives 9 inches of rainfall annually (NOAA, 2019). Broad, flat valleys separated by 
gently rolling to moderately steep hills and ridges support shrub-steppe vegetation where 
the land is not irrigated (Figure 2). Barnosky (1983) has interpreted the current climate 
condition to have prevailed over the past 10,000 years. 
Regional Geology 
 The Columbia Plateau is a geologic province in eastern Washington State 
characterized by hundreds of basaltic lava flows that filled the Columbia Basin between 
17 and 5 Ma. Basalt flows of the Saddle Mountains, Wanapum and Grande Ronde 
formations form the visible CRB outcrops within the study area (Reidel et al., 2013). 
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Between some of the basalt flows are deposits of sediment (Figure 3) collectively called 
the Ellensburg Formation (Smith, 1988). 
The Ellensburg Formation is a Miocene-Pliocene sedimentary rock unit in Central 
Washington composed of a suite of sedimentary deposits interleaved with and overlying 
the Columbia River Flood Basalts (Smith, 1988). The unit is constrained in time between 
the bottom of the Grande Ronde Basalt (~16.5 Ma) and the bottom of the Thorp Gravel 
(~4 Ma) (Smith et al., 1988; (Waitt, 1979; Kasbohm and Schoene, 2018). The Ellensburg 
Formation is loosely divided into ten members (Figure. 3) and includes epiclastic and 
volcaniclastic rocks (Riedel and Campbell, 1989), lacustrine laminations and less common 
Figure 2. Map of the study area via satellite imagery. Annotated black dots indicate sample locations. 
The Rattlesnake Hills Landslide, located in Union Gap, Washington lies 20 km south of the study area. 
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air fall tuff and pyroclastic flow deposits (Schmincke, 1967A; Smith, 1988a; Smith, 
1988b). The so called ‘lower Ellensburg’, after Schmincke (1964, 1967B), occurs below 
the Pomona member of the Saddle Mountains (Reidel and Campbell, 1989). Sediments 
consist of conglomerate, lahars, fluvial sandstone, mudstone, lacustrine deposits and 
include all of the interbed sediments in this study (Smith, 1988). 
Active Members 
The many basalt and interbed sedimentary members belonging to the CRBs and 
Ellensburg Formation are too numerous to describe in detail within the scope of this 
research (Figure 3). Only those involved in the translational landslides discussed in this 
study are described and listed below, which include members younger than the Frenchman 
Springs Member of the Wanapum Formation and older than the Rattlesnake Ridge 
Member of the Ellensburg Formation (Figure 3). They are listed below in chronological 
order from oldest to youngest: 
Squaw Creek Member 
The Squaw Creek Member (Figure 3) of the Ellensburg Formation is a middle 
Miocene sedimentary interbed that lies above the Frenchman Springs basalt and below the 
Roza Basalt (Bentley, 1977; Swanson et al., 1979; Smith, 1988). The member is 
composed primarily of diatomite and other lacustrine deposits. However, tabular to trough 
cross-bedded siliciclastic sandstone typically forms the top of the Squaw Creek Member 
in the study area just below basalt pillows of the Roza member (Smith, 1988). The 
sandstone is composed of both tuffaceous and granitic detritus (Mackin, 1961; Bingham 
and Grolier, 1966). The thickness of the Squaw Creek member is as great as 10 meters and 
markedly thicker at the base of the Selah Butte anticline than at the crest (Smith, 1988). 
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Figure 3. Correlation diagram for members of the CRBs and interbedded sedimentary members of 
the Ellensburg Formation. A non-linear age scale is provided at left (adapted from Smith, 1988; 
Reidel et al., 2013; Kasbohm and Schoene, 2018). 
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Roza Member 
 The Roza Member of the Wanapum Basalt rests above the Squaw Creek Member 
(Figure 3) sediments and below the Priest Rapids basalt (Smith 1988; Mackin, 1961). This 
member was recently dated to about 15.9 Ma (Kasbohm and Schoene 2018). The Roza 
was interpreted as having poured forth over 15,500 square miles (Reidel et al., 2013) of 
predominantly dry land (Mackin, 1961), but pillows found at Vanderbilt Gap indicate 
initial contact with water, at least locally. In some instances, the Roza flow invaded 
diatomite of the older Squaw Creek interbed; evidence of this can be seen above the Roza 
at Frenchman Coulee (Bentley, 1977; Mackin, 1961). The Rosa Member averages 45 
meters thick (Mackin, 1961). The colonnade part of the Roza accounts for as much as 75 
percent of the member thickness where individual columns measure up to 3 meters in 
diameter. The irregular platy pattern of the entablature above the columns enables the 
lower colonnade to be easily eroded (Mackin, 1961). 
Selah Member 
The Selah Member of the Ellensburg Formation lies above the Roza Member 
locally within the study area, but above the Priest Rapids Member of the Wanapum 
Formation elsewhere and beneath the Pomona Member of the Saddle Mountains 
Formation (Figure 3). The Selah Member consists of a series of sedimentary deposits 
accumulated between 11.8 and 14.5 Ma (Nash and Perkins, 2012; Smith, 1988b). 
North of Yakima, the Selah Member is composed of pumacious sandstones, dacite-
rich conglomerates, mudstones – often of volcanic material – and less commonly contains 
tuffs and pyroclastic flow deposits. Siliciclastic sandstones, silt or claystones and 
conglomerates of the Selah member occur along Rattlesnake Hills and at Selah Gap 
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(Schmincke, 1967A). A distinctive vitric tuff caps much of the Selah and is indicative of 
the member in roadcuts beneath the Pomona Basalt and in surface exposures where the 
Pomona is absent (Smith, 1988B). Sediments were sourced from the Cascade volcanoes to 
the west, Bruneau-Jarbidge Caldera to the east, Okanogan highlands to the north (drained 
by the Columbia River), and rising anticlines within the Yakima Basin (Schmincke, 1964; 
Nash and Perkins, 2012). 
Much of the Selah Member in the study area was likely deposited by an ancestral 
Yakima River. Axial channel facies grade laterally into lenses of fine-grained sandstone 
and siltstone paleosols and are interleaved with pumacious debris flows and 
hyperconcentrated flood deposits (Smith, 1988b). Deposition of the Selah has been 
interpreted by Schmincke (1964) as occurring faster than the rate of regional folding and 
basin development within the Columbia Plateau during the time of emplacement. This 
interpretation is due to the observation that rising anticlines in the Priest Rapids basalt 
were buried by Selah sediments. The depositional pattern allowed future basalt flows to 
flood an area nearly as extensive as prior basalt flows. Selah Member unit thickness 
ranges from 60 meters near Selah Gap to 5 meters about 5 kilometers to the east (Smith, 
1988b). 
Member VII of the Cougar Point Tuff 
Member VII of the Cougar Point Tuff (CPT VII) is included as the uppermost 
deposit within the Selah Member and lies directly beneath the Pomona Member in the 
study area. The CPT VII is correlative to the Ibex Peak 8 Tuff of Trapper Creek, Idaho, 
which has been dated to 11.8 Ma according to Ar40/Ar39 dating methods. The CPT VII is 
related to a suite of 10 voluminous airfall tuff members that were erupted between 12.8 
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and ~10.5 Ma during explosive episodes of the Bruneau-Jarbidge volcanic center in the 
central Snake River Plain (Nash and Perkins, 2012).  
 The CPT VII is reportedly 95% vitric glass. Particle size ranges from silt to fine 
sand-sized shards with 5% or less clay (Nash and Perkins, 2012). Near Selah Butte, the 
CPT VII ash layer is bedded in subparallel alignment above a 40-meter thick sedimentary 
interbed of the Selah Member (Schmincke, 1967; Nash and Perkins, 2012). Distribution of 
the ash layer is indicative of a lacustrine basin system (Nash and Perkins, 2012). 
Ubiquitous diatoms and mud-cracked layers with opalized twigs and root marks are 
common locally and suggest at least some of the ash fall was reworked after deposition 
(Schmincke, 1967A). 
Near the contact between the CPT VII and the Pomona, shards of vitric ash may be 
welded together by the heat of the Pomona basalt member. The contact between the two 
members is typically sharp, but can be highly irregular. According to Schmincke (1967A), 
ash shards have been fused or completely melted into a compact glass from the lava, 
locally. “Some fused tuffs are dense and obsidian-like and are cut by perlitic cracks and 
horizontal platy joints…” (Schmincke, 1967A). 
The fused tuff appears as a light gray perlite, blue or jet-black obsidian-like rock, 
becoming darker closer to the contact. It spalls readily into angular blocks and round 
pebbles which are easily identifiable in colluvium even where exposures are poor. These 
fused tuffs of the CPT VII range from a few centimeters to a meter in thickness although 
they are typically between 20 and 30 cm thick depending on heat and unit thickness of the 
CPT VII (Schmincke, 1967).  
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The CPT VII typically forms deposits up to 1.5 meters thick (Schmincke, 1967A), 
but locally may be as thick as 10 meters. In places where the welding heat of the Pomona 
flow was particularly high, CPT VII thickness is considerably reduced resulting in streaky 
textures that emulate flow banding. However, such textures are likely representative of 
stretching from vertical compression or relic bedding foliation of the airfall tuff. At most 
places where welding occurred, the tuff is welded throughout (Schmincke, 1967). The tuff 
spans a distance of 150 km between Wenas Lake and Ice Harbor Dam in central 
Washington (Nash and Perkins, 2012). 
Pomona Member 
The Pomona Member of the Saddle Mountains Formation rests above the Selah 
Member (Figure 3) of the Ellensburg Formation (Reidel et al., 2013; Smith, 1998b) and is 
overlain by the Rattlesnake Ridge Member of the Ellensburg Formation (where present) 
near the southeast corner of the study area (Smith, 1988b). The Pomona Member is a flood 
basalt sourced from western Idaho that spilled down the ancestral Snake River valley 
about 11.5 Ma, expanded within a depression in the southwestern Columbia Plateau and 
re-channelized within the ancient Columbia River Gorge extending to the Pacific Ocean 
(Smith, 1988b; Swanson et al., 1979; Reidel et al., 2013). 
An abrupt contact within the Pomona forms commonly between the lower 
colonnade and the central entablature of the basalt member. Vertically jointed prismatic 
columns of the central entablature zone rest upon this natural plane of weakness 
(Schmincke, 1967B). The Pomona Basalt averages 30 meters in thickness but is known to 
be as thick as 110 meters in places (Schmincke, 1967B; Swanson et al., 1979).  
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Regional Tectonics 
The CRBs and interbedded Ellensburg Formation have been subjected to regional 
north/south compression within the bounds of the study area. Observations of sediments 
thinning from trough to crest of ridges in the study area suggest tectonic compression was 
active during middle Miocene time (Bentley, 1977; Smith, 1988). However, most of the 
deformation occurred after about 6.4 Ma contributing to what is known as the Yakima 
Fold and Thrust Belt (Bentley, 1977; Reidel, et al., 2013; Staisch et al., 2018). This system 
is characterized by a series of WNW-ESE-trending anticlinal ridges including Horse 
Heaven Hills, Rattlesnake Mountain, Yakima Ridge, Manastash Ridge, Umtanum Ridge, 
the Hansen Creek Anticline, the Saddle Mountains, and the Frenchman Hills, among 
several others. The folds of the Yakima Fold and Thrust belt are generally asymmetric 
such that the southern limbs of anticlines tend to dip at lower angles than the northern 
limbs (Bentley, 1977; Reidel and Campbell, 1989).  
During tectonic deformation, geometry requires the geologic strata deeper in the 
antiforms to form tighter folds such that shearing between consecutive layers must have 
occurred to accommodate the lateral shortening. The shear zones, which develop within 
individual strata, or between consecutive stratigraphic members, form natural planes of 
weakness or slip surfaces for translational landslides to activate on. These slip surfaces of 
translational landslides in the Yakima Fold Belt may already be stressed to residual 
strength (the post-failure force a sediment can sustain before failing again (Hough, 1969) 
as a result of the local tectonic deformation (Norrish, 2018). 
 Several examples of translational slides have been previously described on the 
Columbia Plateau (Jaccobaci, 2017; Palmer, 1977; Pierson et al., 2016; Norrish, 2018; 
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Cornforth, 2017). Each of the previously described slides involves basalt sliding over 
underlying sediments along a limb of one of the regional anticlines. Such cases occurred 
east of Prosser in the Horse Heaven Hills, west of Othello at Saddle Mountain and at 
Rattlesnake Mountain within the Hanford Reach National Monument. These slides are 
thought to have initiated between 13 and 15 Ka as Missoula outburst floods scoured the 
landscape and excavated basal support of the anticlinal ridges (Norrish, 2018). 
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CHAPTER III 
METHODS 
Translational Landslide Identification 
 Many of the methods employed in this study for the various measurements and 
identification of translational landslides were taken from Slaughter et al. (2017). The study 
zone was selected in a portion of the Yakima River valley where translational landslides 
were known to have occurred (Cornforth, 2017; Norrish, 2018). Coverage by quality Light 
Detection and Ranging (Lidar), required for a thorough landslide inventory of an area 
(Slaughter et al., 2017), confined the study zone to the green bounding box in Figure 2. 
Following Slaughter et al. (2017), I developed a Lidar-derived bare-earth digital elevation 
model (DEM) for the study zone in ArcGIS 10.6. This protocol of Slaughter and others 
(2017) for landslide description was used in my study to stay consistent with the method 
of landslide mapping and classification that is currently employed by the Washington 
Geological Survey (WGS).  
A rough visual scan of the DEM revealed 10s of translational landslides sufficient 
to compile a database for comparison and study. I conducted a more systematic survey by 
scanning the Public Land Survey System sections in the study zone, as suggested by 
Slaughter and others (2017). The DEM was surveyed at a 1:8000 scale or larger. Some 
parts of the study zone were not covered by the DEM. These regions represented small 
areas of the study zone and were surveyed in Google Earth Pro. It should be noted that 
detecting and distinguishing types of landslides from satellite imagery is not 
recommended in the protocol and was exceedingly difficult when compared to survey of a 
Lidar DEM. 
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Translational landslides were distinguished from other features based on 
conformity to the following statement as outlined by Slaughter and others (2017): “Mass 
displaces along a planar or undulating surface of rupture sliding out over the original 
ground surface.” During the survey of the study zone, translational landslides were 
identified from the DEM with different degrees of confidence. Confidence issues arose as 
some landslide features appeared to be older than others. As a result of natural weathering 
processes, head scarps and slide deposit surfaces appeared rougher for some slides than 
others. As implied by LaHusen and others (2015), events lacking considerable surface 
roughness were inferred to represent longer exposure to weathering agents, masking 
evidence associated with translational slides and leaving little to distinguish the feature 
from another type of slide. For some slides, slide blocks conceal the failure plane but 
lateral scarps or tension cracks develop at angles to the direction of the dip slope leaving 
them open for interpretation as young rotational slides. Other older slides developed in 
steep canyons where the runout is no longer observable and processes of erosion, which 
continue to alter the original rupture surface, render the slide type ambiguous. 
To address these confidence issues, a translational landslide confidence rating 
system was developed. In this four-part system, the confidence rating of a translational 
landslide increases as it meets certain criteria. These criteria include (1) slide direction 
deviation of 10 degrees or less from the direction of the dip slope, (2) presence of a debris 
trace, (3A) presence of a remaining planar rupture surface with (3B) compression ridges in 
slide blocks oriented normal to the direction of the slide, and (4) a head scarp height to 
runout ratio of 10 or greater. A slide which tests positive for only one criterion has a 
translational landslide confidence rating of one, while a slide which meets all five criteria 
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has the highest confidence rating of five. Landslides with a confidence rating less than 1 
were excluded from the dataset. 
Translational landslides were distinguished from all other types of landslides using 
previous 1:24k and 1:100k mapping efforts in ArcGIS (Schuster, J., 1994A; Schuster, J., 
1994B; Schuster, J., 1994C; Walsh, 1986A; Walsh, 1986B; Winter, 2012). Additional 
unpublished maps were used in the GIS analysis courtesy of Jack Powell and Andrew 
Miner (2018). Landslides occurring since the most recent mapping efforts recorded in the 
WGS landslide compilations database were also included in this study. Duplicate slides 
among these various sources were removed from the database compiled for this study. I 
field checked 15%of the translational landslides in the study, and for the others, verified 
the failing members of the remaining translational landslides via personal communication 
with J. Powell and A. Miner (2018). 
After identifying the range of slopes within which translational landslides of the 
study area occur (Slaughter et al., 2017), further analysis was necessary to understand the 
significance of slope angle as a contributing factor. To address this, I compared the slope 
angle of the exposed hillslope of each translational landslide to the slope angle of the 
adjacent unaffected slope. I used the spatial analyst tool in ArcGIS to draw two separate 
transects across the affected and unaffected slopes of the slope shade raster, producing a 
profile graph of each transect using the profile button of the spatial analyst tool, and 
recording the average slope value from each profile. This process was repeated for each 
translational landslide in the dataset producing two sets of data: average slope angles for 
affected areas and average slope angles for unaffected areas. The two sets of data were 
 
 
 
20 
compared against each other to identify statistical similarity or difference using a paired 
sample t-test. 
The average slope derivative was calculated for select geologic members as a 
method of comparing debuttressing among members. A GIS analysis of debuttressing as a 
factor of translational landslide failure was conducted based on the slope derivative. The 
slope derivative at any given point on the earth’s surface represents the rate of change in 
slope at that point. For example, the slope is constant where the slope derivative is zero 
and changing where the slope derivative is greater than zero. A significant break in slope, 
such as the kind that occurs over a canyon wall or cliff edge is represented by a large slope 
derivative value. I associated large slope derivative values with debuttressing such that the 
higher the slope derivative value, the greater the likelihood of debutressing. Quantification 
and comparison of debutressing among members was performed in ArcGIS using the 
slope tool to calculate the slope derivative. This was achieved by clipping the slope raster 
to the extent of the geologic member polygons in the comparison. Each clipped slope 
raster was then imported into the slope tool for processing. The slope tool produced a new 
raster for which the rate of change in slope was calculated for each cell. The average cell 
value for each raster, shown in the source tab of the properties dialog box for the new 
raster, was then compared against average cell values for other slope derivative rasters of 
respective geologic members. 
Interbed Sediment Properties 
After locating the translational landslides in the study area, the material strength of 
the involved members needed to be tested. Two sediment interbeds lying immediately 
below basalt members were chosen for analysis as translational landslide failure planes: 
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the CPT Member VII ash of the Selah member and the Squaw Creek member sandstone 
(Figure 3). These sediments were chosen because they exist at many locations where I 
observed translational landslides to have occurred and were observed to be physically less 
competent than other members within the interbeds. These sediments were sampled where 
they were exposed in outcrop (Figure 2). None of the samples were collected from scarps 
of translational landslides because landslide scarps were significantly draped in colluvium 
or talus. However, it is understood from the literature that the sediments sampled are more 
or less laterally continuous across the study area.  
Two samples of Squaw Creek sandstone sediment from Vanderbilt Gap (Figure 2) 
were collected for grain size analysis: loose sand grains sampled from the base of the 
sandstone outcrop and sandstone chiseled from the outcrop and gently disaggregated by 
hand. A grain size analysis representative of the CPT VII taken from the Burbank Creek 
location was also performed (Figure 2). Dry preparation of sediments was performed in 
accordance with ASTM (1981) Designations D421. Particle-size analyses of one sample 
each of the Squaw Creek sandstone and CPT VII ash were conducted using a Retsch 
Technology Camsizer p4 and a Malvern Mastersizer 3000, respectively. The analysis and 
report for both sediment types follow the style of ASTM (1981) Designation D422 to 
determine the cohesive nature of the sediments according to the convention of the Unified 
Soil Classification System (ASTM, 1981).  
Hydrologic Properties 
After the grain size analysis, hydrologic properties of the sediments could be 
measured or estimated. Three samples of the Cougar Point Tuff Member VII from within 
the study area were collected to determine porosity. CPT VII samples, collected from the 
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Burbank site, Selah Butte, and Wenas Lake, (Figure 3) were dried in a drying oven at 
105ºC for 24 hours and then weighed. Each sample was coated with a non-water-based 
epoxy. Epoxy-coated samples were then completely submerged in 1000 mL of water 
within a 2000 mL beaker showing 20 mL graduations to estimate sample volume. The 
average void space in the ash samples was estimated using the average density range for 
vitric ash shards of 2.4 g/cm3 (Wilson et al., 2012; and Shipley and Sarna-Wojcicki 1982) 
and the volume of water displaced in the beaker separately for each sample. Because void 
ratio (e) and porosity (n) are interrelated (see formula below (Hough, 1969)), the measured 
void ratio was used to calculate porosity of the CPT VII.  ! = #1 + # 
The following equations provided by Milan and Andjelko (1992) were used to qualify 
measurements: ! = 0.255(1+ 0.83-) 
where U is the coefficient of grain uniformity such that 
/ = 01231435 
and d60 and d10 correspond to the grain diameter in millimeters for which, 60% and 10% of 
the sample respectively, are finer than (Odong, 2008). 
 After porosity values were calculated for each sediment sample, permeability 
values could be estimated. Permeability values were calculated for the CPT VII and 
Squaw Creek sands, but because these materials have different mechanical properties, two 
separate permeability equations were used after Milan and Andjelko (1992). The Kozeny-
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Carman equation was chosen to estimate permeability of the CPT VII because it is best 
suited for grain sizes larger than clay but smaller than 3 mm; it is given by: 
6 = 78 × 8.3 × 10:;[ !;(1 − !)>]143>  
where K represents permeability in cm/s, 7 is equal to acceleration due to gravity and 8 is 
equal to the kinematic viscosity of water (~8.99 × 10:;g/cm• s2). The Slitcher equation, 
which is most applicable to grain sizes ranging between 0.01mm and 5 mm according to 
Milan and Andjelko (1992), was used to estimate a K value for the Squaw Creek sand. 
This equation is given by: 
6 = 78 × 1 × 10:>!;.>AB143>  
where previously described variables are used (Odong, 2008). After defining permeability 
values for the CPT VII and Squaw Creek sands, regional precipitation data during the 
rainy season was compared against the permeability values for these failure plane 
sediments to assess their ability to retain water and build pore pressures. 
 Thin sections were produced to inspect presence and type of induration within the 
Squaw Creek sandstone and ash samples. Photos taken of the thin section made from 
Squaw Creek sandstone with blue epoxy were analyzed in Adobe Photoshop to distinguish 
the pixel count of blue epoxy void spaces from the pixel count of grains. The ratio of these 
two different pixel counts was then used to estimate the porosity (n) and void ratio (e) of 
the Squaw Creek sandstone. The n and e values were verified against calculated values 
using the method of Milan and Andjelko (1992) provided above. 
Using the results of the grain size analysis, thin section analysis, and published 
data on both the Squaw Creek sands and the CPT VII ash, these sediments were compared 
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to other studies of sediments with very similar physical properties for which the internal 
friction angle of prestressed sediments have been calculated. These studies include 
descriptions of volcanic ash beds by Rolo and others (2004), Rigo and others (2006) and 
Sepulveda and others (2016); and descriptions of arkosic sands (Martin and Stacey, 2018). 
After comparing properties of the Squaw Creek sandstone and CPT VII to sediments of 
other studies, internal friction angles were qualified during direct shear testing. 
Direct shear tests were performed according to ASTM D3080 on dry loose ash 
samples from the CPT VII (from the Burbank site) as well as on dry loose sand grains of 
the Squaw Creek Member sandstone (from Vanderbilt Gap, Figure 2). Sediments were 
tested in dry and loose condition to approximate minimum strength values at residual 
strength (Figure 4). This study employed a DigiShear Automated Shearing System 
provided courtesy of the Washington State University Geotechnical and Transportation 
Engineering laboratory. Three shear tests were performed on each material under three 
different vertical loads for the purpose of estimating internal friction angles of each 
sediment. Vertical load values for both materials were set at 1000 PSF, 3000 PSF and 
6000 PSF for the three respective tests and horizontal displacement was increased at a rate 
of 0.1 inches per minute for a total displacement of 0.5 inches. Consolidation testing 
occurred for 10 minutes on sand samples and 30 minutes on ash samples. Under the 
assumption that translational landslides are likely to occur where interbed shear strength 
values are low, these tests aim to approximate minimum shear strength values to be 
quantified where such materials are present beneath basalt. 
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Figure 4. Shearing resistance in granular soil versus initial sediment density – adapted from Hough, 
1969. The loose sediment tested anticipates the curve of the blue line as a result of prior deformation: in 
this case, from regional folding. 
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CHAPTER IV 
RESULTS 
Slopes and Debuttressing of Translational Landslides 
Altogether, 163 mass wasting events were identified from lidar analysis, the DNR 
landslide database, and 1:24K and 1:100k mapping efforts (Fig. 5). Landslide-affected 
areas account for about 4% of the entire study area. In following the protocol of Slaughter 
and others (2017). I first identified 42 translational landslides in the study area (Table 1). 
However, I was not confident that all of the 42 landslides were translational. Using the 
confidence rating system that I developed, I reduced the count to 33 translational 
landslides. I field checked five of the translational landslides in the study set to verify 
these results (Appendix A). The 33 translational landslides account for about 20% of all 
mass wasting events in the study area. Of the 33 translational landslides, I identified 21 
undocumented slides from the slope shade DEM in ArcGIS. The analysis shows that 
individual translational landslides range from 24,000 to 41 million square meters, but on 
average cover about 3 million square meters each within the study area (Table 2). Of the 
575 square kilometers represented by the study area, 3.7 square kilometers are affected by 
translational landslides. The vast majority of translational landslides (30/33) in the study 
area involve basalt sliding over a sedimentary interbed (Table 2). 
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Table 1. Confidence rating of translational landslides in the study area. A table of the original 42 translational landslides identified versus the 9 landslides 
highlighted in yellow that were removed based on the confidence rating system I developed in columns 8-12 (explained in Methods). Data under the ‘ID Method’ 
header indicates how the landslide was identified; ‘WGS LS Compilation’ indicates that the landslide was already identified in the Washington Geological 
Survey Landslide Compilations Database; ‘Lidar’ indicates that the landslide was identified from a lidar DEM in ArcGIS. 
 
Land
-slide 
ID 
Slope 
Angle 
(°) 
Head 
Scarp 
Height 
(m) 
Slide 
azimut
h 
(°) 
Run-
out 
(m) 
Runout 
/head- 
scarp 
ratio 
Debris 
Trace 
Planar 
Surface 
Ratio 
Rule 
Dip 
Rule 
Confi
dence 
Lat-
itude 
(°) 
Long-
itude 
(°) 
ID 
Method 
1 11 21 196 764 35.8 0 2 1 0 3 46.7172 -120.4671 WGS LS Compilation 
2 8 12 209 1157 94.9 0 2 1 0 3 46.7110 -120.4582 WGS LS Compilation 
3 12 27 193 777 28.3 1 2 1 1 5 46.7351 -120.4812 WGS LS Compilation 
4 8 99 218 1670 16.9 1 1 1 0 3 46.7312 -120.4412 WGS LS Compilation 
5 11 67 182 817 12.2 1 1 1 1 4 46.7229 -120.4592 WGS LS Compilation 
6 14 12 346 658 54.0 1 1 1 0 3 46.7573 -120.4344 WGS LS Compilation 
7 14 9 194 286 31.2 1 0 1 1 3 46.7931 -120.4753 Lidar 
8 17 14 46 570 41.6 0 2 1 0 3 46.7680 -120.4821 WGS LS Compilation 
9 9 15 234 499 32.8 0 1 1 1 3 46.7572 -120.4968 WGS LS Compilation 
10 17 27 207 590 21.5 1 0 1 0 2 46.7951 -120.4696 Lidar 
11 15 21 195 452 21.2 1 0 1 0 2 46.8070 -120.4665 Lidar 
12 15 38 170 184 4.8 0 2 0 1 3 46.8051 -120.4641 Lidar 
13 23 34 45 269 8.0 1 0 0 0 1 46.8321 -120.4815 WGS LS Compilation 
14 9 11 358 302 28.3 0 1 1 1 3 46.7650 -120.4778 Lidar 
15 13 37 30 911 24.9 0 2 1 0 3 46.7660 -120.4821 Lidar 
16 15 20 18 927 46.8 1 2 1 0 4 46.7518 -120.4108 WGS LS Compilation 
17 8 9 212 698 76.3 0 1 1 0 2 46.7601 -120.5018 WGS LS Compilation 
18 16 20 47 795 40.1 1 0 1 0 2 46.8594 -120.5904 WGS LS Compilation 
19 22 30 184 318 10.4 1 0 1 1 3 46.8764 -120.7404 Lidar 
*20 20 None 180 None 0.0 0 0 0 0 0 46.8781 -120.7380 Lidar 
21 21 27 228 298 10.9 1 2 1 0 4 46.8746 -120.7374 Lidar 
22 22 21 226 339 15.9 1 1 1 0 3 46.8713 -120.7331 Lidar 
23 22 5 225 306 67.0 0 0 1 0 1 46.8713 -120.7315 Lidar 
24 22 9 212 592 64.7 1 1 1 0 3 46.8356 -120.6725 Lidar 
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Land
-slide 
ID 
Slope 
Angle 
(°) 
Head 
Scarp 
Height 
(m) 
Slide 
azimut
h 
(°) 
Run-
out 
(m) 
Runout 
/head- 
scarp 
ratio 
Debris 
Trace 
Planar 
Surface 
Ratio 
Rule 
Dip 
Rule 
Confi
dence 
Lat-
itude 
(°) 
Long-
itude 
(°) 
ID 
Method 
25 8 18 210 552 30.2 0 2 1 1 4 46.8347 -120.6492 Lidar 
26 10 14 184 437 31.9 1 2 1 0 4 46.8034 -120.5848 Lidar 
27 10 5 176 66 14.5 1 1 1 0 3 46.8062 -120.6006 Lidar 
28 20 11 3 408 38.3 1 2 1 0 4 46.7913 -120.7069 Lidar 
29 12 27 193 250 9.1 1 0 0 0 1 46.8279 -120.5423 WGS LS Compilation 
30 20 18 106 173 9.8 1 0 0 0 1 46.8223 -120.5287 Lidar 
31 22 20 27 262 13.2 1 2 1 1 5 46.7818 -120.7541 Lidar 
32 18 30 180 157 5.2 0 1 0 0 1 46.7676 -120.7294 Lidar 
33 32 23 100 225 9.8 1 2 0 1 4 46.7677 -120.7295 Lidar 
34 10 9 247.5 133 14.6 0 0 1 0 1 46.8959 -120.7556 Lidar 
35 12 14 337 240 17.5 1 1 1 0 3 46.7908 -120.7293 Lidar 
36 22 11 270 276 25.9 0 0 1 0 1 46.8613 -120.7100 Lidar 
37 20 76 180 631 8.3 1 0 0 0 1 46.8507 -120.6751 WGS LS Compilation 
38 11 4 197 386 105.6 0 2 1 0 3 46.8329 -120.6543 Lidar 
39 11 11 22 205 19.2 1 2 1 0 4 46.8655 -120.6140 Lidar 
40 10 8 215 191 25.0 1 2 1 0 4 46.7951 -120.5858 Lidar 
41 30 5 322 136 29.7 1 2 1 1 5 46.8596 -120.5596 WGS LS Compilation 
42 20 18 34 273 14.9 1 2 1 0 4 46.8446 -120.4996 Lidar 
 
*I identified tension cracks forming on Landslide ID number 20 although the mass has not slid enough to measure a headscarp height, runout length or debris 
trace, leaving these attributes empty. 
TABLE 1 (CONTINUED)  
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Figure 5. Landslides of the study area. Translational landslides are distinguished from all other mass 
wasting events and distinguished from one another by Landslide ID numbers (Table 1). All events are 
shown overlain above satellite imagery. Refer to Figure 2 for place names. 
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Land
Slide 
ID 
Dip 
Slope 
Angle 
(°) 
Area 
(m2) 
Volume 
(m3) 
Aspect Identification 
Method 
Sliding Unit/ 
Underlying 
Unit  
Debutressed
* 
1 11 106800 2248000 SSW WGS LS 
Database 
Pomona Basalt/ 
CPTVII Selah 
Yes 
2 8 624000 7612000 SSW WGS LS 
Database 
Pomona Basalt/ 
CPTVII Selah 
Yes 
3 12 113600 3052000 SSW WGS LS 
Database 
Pomona Basalt/ 
CPTVII Selah 
Yes 
4 8 418800 41104000 SE WGS LS 
Database 
Ginko Basalt/ 
Vantage Seds 
Yes 
5 11 111600 7336000 S WGS LS 
Database 
Ginko Basalt/ 
Vantage Seds 
Yes 
6 14 102800 1224000 NNW WGS LS 
Database 
Pomona Basalt/ 
CPTVII Selah 
Yes 
7 14 42000 372000 SSW Lidar Roza Basalt/ 
Squaw Creek 
Yes 
8 17 62000 812000 NE WGS LS 
Database 
Museum/ 
Cohassett 
Yes 
9 9 40000 596000 SE WGS LS 
Database 
Roza Basalt/ 
Squaw Creek 
Yes 
10 17 138800 3644000 SSW Lidar Museum/ 
Cohassett 
Yes 
11 15 32400 668000 SSW Lidar Umtanum/ 
Whiskey Dick 
Yes 
12 15 8800 324000 S Lidar Umtanum/ 
Whiskey Dick 
Yes 
14 9 24400 260000 N Lidar Ginko Bslt/ 
Rocky Coulee 
Yes 
15 13 300000 10700000 NNE Lidar Ginko Bslt/ 
Rocky Coulee 
Yes 
16 15 410000 7876000 NNE WGS LS 
Database 
Pomona Basalt/ 
CPTVII Selah 
Yes 
17 8 90400 828000 SSW WGS LS 
Database 
Roza Bslt/ 
Squaw Creek 
Yes 
18 16 192000 3628000 NE WGS LS 
Database 
N2 Basalt/ 
Ellensburg 
Yes 
19 22 34400 980000 S Lidar Vantage/ 
Museum 
Yes 
21 21 102400 2624000 SE Lidar Vantage/ 
Museum 
No 
Table 2. Select attributes of translational landslides in the study. The following list describes the table 
headings. Slide ID: unique numerical identifier; Dip Slope Angle: the angle of the landslide dip slope in 
degrees; Area: the landslide area to the nearest 400 square meters; Volume: the landslide volume estimated to 
the nearest 4000 cubic meters; Aspect: listed in terms of the four cardinal directions (Slaughter et al., 2017); 
Identification method: whether the landslide was previously identified and located from a WGS database or 
from the DEM in this study; Sliding Unit/ Underlying Unit: the names of the members involved in the 
respective landslide; Debutressed: whether or not the landslide appears to be debuttressed by the removal of 
the toe. See Appendix A for more landslide attributes.  
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Land
Slide 
ID 
Dip 
Slope 
Angle 
(°) 
Area 
(m2) 
Volume 
(m3) 
Aspect Identification 
Method 
Sliding Unit/ 
Underlying 
Unit  
Debutressed
* 
22 22 45200 892000 SE Lidar Vantage/ 
Museum 
No 
24 22 150800 1284000 SSW Lidar Vantage/ 
Museum 
No 
25 8 68000 1220000 SSW Lidar R2 Basalt/ 
Ellensburg 
Yes 
26 10 94800 1272000 S Lidar Frnchmn 
Sprngs/ Sand 
Hollow 
Yes 
27 10 6000 28000 S Lidar Roza Bslt/ 
Squaw Creek 
Yes 
28 20 64800 652000 N Lidar N2 Basalt/ 
Ellensburg 
Yes 
31 22 55200 1008000 NNE Lidar N2 Basalt/ 
Ellensburg 
Yes 
33 32 11200 216000 E Lidar R2 Basalt/ 
Ellensburg 
Yes 
35 12 139600 1872000 NNW Lidar N2 Basalt/ 
Ellensburg 
Yes 
38 11 31600 116000 SSW Lidar Frnchmn 
Sprngs/ Snd 
Hollow 
Yes 
39 11 16800 176000 NNE Lidar N2 Basalt/ 
Ellensburg 
Yes 
40 10 27200 208000 SE Lidar Roza Bslt/ 
Squaw Creek 
Yes 
41 30 6000 24000 NW WGS LS 
Database 
R2 Basalt/ 
Ellensburg 
Yes 
42 20 36000 612000 NE Lidar R2 Basalt/ 
Ellensburg 
Yes 
 Basalt/interbed relationships were identified for each translational landslide 
mapped to the extent of the current state of the geologic mapping; slide number 3 is one 
such example (Figure 6). Of those relationships identified, more slides occurred in 
association with the Roza/Squaw Creek Members and Pomona/CPT VII members (5 each) 
than any other basalt/interbed couplet. Other slides were mapped as occurring between the 
*All translational landslides of the study area were debuttressed by a river or stream. 
TABLE 2 (CONTINUED) 
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Gingko/Vantage, Frenchman Springs/Sand Hollow, Museum/Cohassett, and 
Umptanum/Whiskey Dick basalt – interbed couplets (Table 1and Plate 1 in Appendix A). 
 
 Translational landslides occurred on dip slope angles as shallow as 8º and as steep 
as 32º. The average landslide slope angle in this study was 15.5º. The dip slope angle of 
translational landslides in this study are equally most common at 8º, 11º, and 22º. The 
median landslide dip slope angle is 14º. Translational landslides show a considerable 
A 
B C 
D 
Figure 6. Field and GIS views of landslide number 3 (Figure 5). Upper image view is taken looking west 
toward the edge of the Pomona member (A), and talus slope (B) comprising the scarp and flank; and 
landslide deposit (C) of slide number 3 (D). Scale is accurate for Figure 7D only. 
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tendency to occur within the SSW aspect of dip slopes in the study area. Five slide masses 
– slide numbers 7, 41, 40, 31 and 28 – did not completely evacuate their respective dip 
slopes (Figure 7, Table 1). The paired sample t-test comparing the average slopes angles 
of areas affected and unaffected by translational landslides (Appendix B1and Appendix C) 
resulted in a t stat value of -0.2, which is significantly less than the t Critical two-tail value 
of 2.0 (Table 2). This result indicates that statistically, there is no significant difference in 
slope angles of areas affected and unaffected by translational landslides. 
100 m 
7 40 41 
28 31 
Figure 7. Translational landslides with potential for failure. These slides were observed to be 
clinging to the dip slope after initial sliding. The copper -colored shading indicates head scarps, and 
gold-colored areas indicate slide masses. Each slide in the figure above are shown at the same 
relative scale to one another and labeled with their respective landslide ID numbers as indicated in 
Figure 5 and Table 2. 
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 Debuttressing was found to be a considerable factor in that it is associated with 
over 90% of the translational landslides in the study area. In this study, debuttressing has 
been interpreted to include the edges of members, typically basalt, exposed in cross 
section due to stream or river channel incision, or due to gradual unraveling near the edge 
of a member. Geologic mapping efforts reveal that the Roza Member is considerably more 
dissected than the Pomona Member (Figure. 8). The Roza and Pomona basalt members 
were evaluated for debuttressing in ArcGIS and compared against each other. The average 
slope derivative value among all cells represented by the Roza and Pomona members in 
Figure 8. Dissection of Roza and Pomona members. This map view illustrates member dissection of the 
Roza Basalt Member compared to the Pomona Member. The dissection could lead to increased 
debutressing of landslide blocks in the Roza Member. 
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the GIS was 18.9 and 16.4, respectively. These results suggest that breaks in slope are 
greater on average for the Roza member than for the Pomona member and that breaks in 
slope occur more frequently in the Roza member than in the Pomona member. Other 
translational slides that appear to be unassociated with debutressing occur in over-
steepened slopes of sediment as the compressed slope toe collapses under its own weight 
(Figure 9). Instead of forming a rotational slide, a translational slide is influenced by the 
more rigid underlying planar basalt. This was frequently observed in Vantage Member 
sediments draped over the N2 basalt formation. 
Figure 9. Slides 19, 21 and 22 – examples of translational landslides in which debuttressing does not 
appear to be a factor (Table 1). Note how drainages tend to run away from landslide deposits rather than 
out in front of and undermining the toe of slopes. 
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Interbed Sediment Properties 
Results of the grain size analysis provide the basis for the mechanical properties of 
the Squaw Creek sandstone and the CPT VII. Grain size analysis of the CPT VII (Figure 
3) sample indicate particle sizes ranging between coarse silt and fine sand (Figures 10 and 
11); the mode is 51.8 microns (coarse silt). Less than 1% of the sample volume consisted 
of clay size particles. About 10% of the sample particles were 17 microns or less long, 
while 90% were about 97 microns in diameter; 60% of the grains were shorter than 51 
microns in diameter. A porosity value of 0.40 was calculated using the D10 and D60 
values in accordance with the method of Milan and Andjelko (1992). However, this value 
is expected to underestimate the true porosity value of the CPT VII because the 
Mastersizer tends to assume the long axis of an ash shard is the diameter of a spherical 
particle rather than the length of an elongate particle. As a result, volume calculations in 
the software for elongate particles tend to be over-estimated (Malvern, 2013). 
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Figure 10. Grain size distribution of the CPT VII. The data is displayed with a histogram and frequency 
curve by volume for the CPT VII airfall tuff. 
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 Grain size analysis of the Squaw Creek (Figure 3) sample and the inclusive graphic 
standard deviation indicate it is a poorly sorted, texturally immature sandstone (Folk, 
1951; Folk and Ward, 1957). No gravel was identified in the Squaw Creek sands; 100% of 
the sample passed the No. 4 sieve and sample grains are strongly fine skewed (Figures 12 
and 13). By volume, 6.2%, 74% and 18.8% of the sample were retained on sieve numbers 
10, 40 and 200, respectively. Less than 2% of the sample volume passed the No. 200 
sieve. The mode is represented by a phi value of 0. About 10% of the sample particles 
were 0.2 mm in diameter or smaller, while 90% were at least 1.8 mm in diameter. The 
Figure 11. Cumulative percent curve by volume for the CPT VII airfall tuff. 
0
10
20
30
40
50
60
70
80
90
100
1 10 100
Cu
m
ul
at
iv
e 
Pe
rc
en
t
Grain Size in Microns
 
 
 
38 
average grain size was 1.1mm. Mean sphericity of the sample grains was measured at 
0.81. A porosity value of 0.36 was calculated using the D10 and D60 values in accordance 
with the method of Milan and Andjelko (1992). 
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Figure 12. Grain size distribution of the Squaw Creek Sandstone. The grain size distribution is presented 
as a histogram and frequency curve by volume for the Squaw Creek sandstone. 
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Thin sections of the CPT VII taken from the Burbank, Wenas Lake and Selah 
Butte locations (Figure 2) were analyzed and compared (Table 3). Tuffaceous particles 
consisted of long slender needle-like shards of vitric glass. Outcrops of the air fall tuff 
may be draped in a thin veneer of CaCO3 at some of these locations, but thin sections from 
the samples collected from such locations show no evidence of induration. In thin sections 
made parallel to the cross section of the tuff, glass shards were notably imbricated. 
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Figure 13. Cumulative percent curve by volume for the Squaw Creek sandstone. 
Grain size in Microns 
Cu
m
ul
at
iv
e 
Pe
rc
en
t 
 
 
 
40 
One thin section of the Squaw Creek Sandstone was analyzed from Vanderbilt Gap 
(Figure 2). Thin rims of siliceous cement encasing some grains and filling spaces between 
others were observed. However, most void spaces appear unfilled by siliceous cement. No 
carbonate cements were observed. In general, grains were observed to be subrounded in 
thin section. Digital photo analysis of the Squaw Creek thin section indicated a void ratio 
of 0.59 (porosity = 0.37) confirming the porosity calculation from the grain size analysis 
(Figure 14, Table 3). 
 
 
 
 
 
 
Figure 14. Thin section of the Squaw Creek sandstone taken from Vanderbilt Gap. A is an original scan 
of the thin section. B shows the sequestration of grains from voids in plate A. C illustrates a digital 
rendering of the void spaces in the thin section. 
A B C 
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Parameter CPT VII Squaw Creek Sandstone 
Imbrication Yes No 
Induration None observed Weakly siliciclastic 
Roundness Very angular, needle-like 
shards 
Subrounded grains 
D10 16.5 µm 160 µm 
D50  44 µm 880 µm 
D60  51 µm 1000 µm 
D90  97 µm 1500 µm 
 Void Ratio (e) measured 1.10 0.59 
Porosity (n) measured  0.51 0.37 
Coefficient of uniformity (U) 
calculated 
3.10 6.25 
Porosity (n) calculated 0.40 0.33 
Permeability (k) calculated (cm/s) 4.30E-04 
Kozeny-Carman Method 
7.63E-03 
Slitcher Method* 
Hydrologic Influences 
Void ratios of the three CPT VII samples ranged between 0.85 for the Wenas Lake 
sample and 1.4. for the Burbank Creek sample. However, because ash at the Burbank 
Creek site was exposed at the ground surface and not subject to overburden pressures, I 
did not include its respective void ratio in the calculated average void ratio for the local 
(*Verified with measurements from a permeameter in an unpublished study by Alexander Dolcimascolo). 
Table 3.  Sample sediment properties. This table features measured and calculated values of 
sedimentological parameters for the CPT VII and Squaw Creek members  
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CPT VII (Table 3). The mean void ratio of the CPT VII within the study area was 1.1 
(porosity = 0.51, Table 3). Although the porosity value estimated in this method differs by 
20% from the method of Milan and Andjelko (1992), I expect it to be an overestimate as 
any epoxy rind on the samples will increase the volume of the sample. 
Of the 33 translational landslides identified in the GIS, only 2 showed any 
association with springs or seeps. These landslides correspond to Landslide ID numbers 8 
and 18 (Figure 5 and Appendix A). In both cases, the associated seeps occur 
approximately halfway down a lateral scarp of each landslide.  
The hydrology of the area is driven by 9 inches of average annual precipitation 
(NOAA, 2019). The rainy season in this area lasts for about two months between 
November and February. If all annual precipitation in the study area fell during the rainy 
season, it would enter the area at a rate of 5E-06 cm/s. This is still considerably less than 
the permeability values of the Squaw Creek sands and the CPT VII (Table 3). 
Direct Shear Testing Analysis 
Results of the direct shear testing for the Squaw Creek sand and CPT VII ash 
plotted along Mohr-Coulomb failure curves (Figures 15 and 16) provide internal friction 
angles for the Squaw Creek sand and CPT VII ash of 16.2° and 15.7°, respectively (Table 
4). These values were verified against estimated values of similar sediments from 
published sources. In comparing friction angle values of the Squaw Creek sand and the 
CPT VII to each other, the difference in internal friction angle between the two sediments 
is not significant enough to suggest either sediment is reasonably less competent than the 
other. Still it is noted that the internal friction angle will vary geospatially within 
respective members based on relative density or compaction of the sediment beneath  
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Figure 15. Mohr-Coulomb failure curve for the CPT VII ash. 
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Figure 16. Mohr-Coulomb failure curve for the Squaw Creek sand. 
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basalt members of varying thickness and upon degree of induration, in the case of the 
sandstone.  
The internal friction angle can be used to estimate the shear strength of the soil 
under greater loads than the loads exerted by the shear machine. The average thickness of 
both the Pomona and Roza members is about the same – 33 vs 30 meters – this equates to 
about 1,500 psf. Because the difference in internal angle of friction between the two 
sediment types is negligible an average shear strength of both soils is estimated to be 
approximately 4,700 psf at a normal stress of about 17,500 psf.  
Parameter Arkose1 Squaw Creek SS Volcanic Ash2 CPT VII 
Residual Friction Angles 13°-17° 16.2º 30°-35° 15.7° 
 
 
 
 
 
 
 
 
 
 
 
Table 4. A comparison of sample friction angle values against typical values. Sediment sample values of 
internal friction angle were measured and compared against those from studies of similar materials at 
residual strength (1Martin and Stacey, 2018; 2Rigo et al., 2006). Note the residual strength of the volcanic 
ash compared against the CPT VII was cohesive, containing allophane and Halloysite clays. 
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 CHAPTER V 
DISCUSSION 
Slopes and Debuttressing 
All translational landslides in this study are associated with dip slopes at 
inclinations ranging between 8º and 32º (Table 1). The slides of this study not only tend to 
occur within a particular range of dip slope angles, but the distribution is trimodal, 
suggesting they are just as likely to occur on shallow angle dip slopes as on average and 
high angle dip slopes. Slopes exist in the study area that are shallower than 8º and steeper 
than 32º, but I did not observe translational landslides occurring outside this slope angle 
range. In contrast to the findings of Fan et al., (2009), the average dip angle of failure 
surfaces within this study approximate the internal friction angle of the sediment in the 
failure zone. The paired sample t-test compared slope angles of areas affected and 
unaffected by translational landslides indicated that there is no statistical difference 
between the datasets. The results suggest that while slope angle could be a factor in the 
occurrence of translational landslides, slope angle alone is not the sole factor. Other 
factors are probably necessary in combination with a sufficiently steep slope to induce a 
translational landslide in the study area. 
As noted in the results, a majority of the translational landslides observed occur on 
SSW aspects (Table 1). Although aspect affects local and regional exposure to sunlight 
and wind, I interpret these as having little influence over the initiation of translational 
landslides studied in this report. Instead, the SSW correlation is related to the regional 
folding direction of the NW/SE trending ridges of the Yakima Fold Belt. The SSW 
dipping slopes of these ridges tend to be longer and therefore more expansive than 
 
 
 
46 
counter-dipping slopes due to the asymmetric quality of the folds. The propensity for 
translational landslides to occur on SSW aspects is interpreted as a function of probability. 
That is, SSW dip slopes encompass more of the study area than any other slope aspect, 
and as a result are more probable locations for translational landslides to occur. After the 
regional stratigraphy has been inclined along a dip slope, translational landslides of the 
study area are likely to occur in association with the removal of lower slope material. 
Natural debuttressing of the folded basalt members by rivers and streams is a 
significant factor associated with the translational landslides of this study (Table 1 and 
Figure 8). As mentioned above, all translational landslides involving basalt overlying 
sediments appear in GIS analysis to have been undercut by a river or stream. Although the 
surface exposure of the Roza Member (within the bounds of the study area) is only 50% as 
expansive as the Pomona Member, an equal number of translational landslides were 
identified in both members. Because surface exposures of the Roza exist near the 
generally more fractured fold axis of Umtanum Ridge, the Roza is considerably more 
dissected by streams and canyons than the Pomona, leaving a greater cross-sectional area 
exposed and debuttressed. The results of the debuttressing analysis in ArcGIS (Figure 8) 
indicate that the Roza member is more debuttressed than the Pomona member. This is 
consistent with the observation from geologic mapping that the Roza member is more 
dissected than the Pomona member. Because of these results, it follows that more 
translational landslides occur in association with the Roza/Squaw Creek sands than with 
the Pomona/CPT VII ash. 
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Interbed Sediment Properties and Shear Strength 
 The various sediment grain qualities tested in this study are not significant enough 
to account for the relatively larger number of translational landslides per unit area 
associated with the Roza member compared to the Pomona member. In terms of its degree 
of grain sorting, sand of the Squaw Creek member appears to form only a slightly more 
competent interbed than the CPT VII of the Selah member. Both well rounded and 
acicular grain shapes were observed for the Squaw Creek sand and the CPT VII, 
respectively. Although these sediments were physically quite different, residual strength 
conditions were modeled and tested for each yielding similar results (Table 3).  
Scant presence of clay in both sand and ash samples (less than 5%) suggests the 
sediments tested were exposed to agents of chemical and/or mechanical weathering for a 
very short time over the past 15.9 and 11.8 million years, respectively. As Schmincke 
(1967A p. 321) observed regarding the Selah Member tuffs, “Most shards… appear fresh. 
A few slightly devitrified shards are found in most tuffs,” also implying brief exposure to 
the elements where found. These are important distinctions, classifying the CPT VII ash 
and the Squaw Creek sandstone as non-cohesive sediments according to the Unified Soil 
Classification System (ASTM, 1981). The week induration of the Squaw Creek sandstone 
could affect the cohesion but was not considered in the analysis for this study. The lack of 
clay in both sediments limits the shear strength potential of each. 
Not only does the lack of clay in the CPT VII ash qualify it as a non-cohesive 
sediment, internal friction angles measured for the CPT VII ash are significantly lower 
than airfall tuffs of other studies (Table 3). Furthermore, it is anticipated that the residual 
strength of the CPT VII ash may vary significantly based on thickness, density, and by the 
 
 
 
48 
degree to which it has been fused (if at all) by the overlying Pomona basalt. Although 
these higher density or fused samples could have been tested, they would not have shown 
approximate minimal strength conditions of the ash at which translational landslides may 
occur in the study area, which was the point of the shear strength analysis. In instances 
where the CPT VII thins to just a few centimeters or is missing altogether beneath the 
Pomona, sub-Pomona failure surfaces will be defined more by the strength parameters of 
other Selah sediments. 
Hydrologic Influences 
Although rainfall has been cited in previous studies as a significant trigger of 
translational landslides (Fan et al. 2009; Botino et al., 2011), precipitation was not 
interpreted to be a significant factor in this study. This interpretation is partly based on the 
fact that currently the study area receives an average of less than 10 inches of annual 
precipitation. The permeability (K) values calculated for both the CPT VII and the Squaw 
Creek sand are high enough to allow the annual precipitation to drain freely even if it all 
fell during the winter rainy season (typically a two-month period), preventing pore 
pressures from growing to critical values within these sediments (Table 2).  
The translational landslides of this study show little association with springs or 
seeps. Observations of satellite imagery indicate only two of the 33 translational landslides 
contained a spring or seep within their perimeters (Appendix A, Plate 1). Further evidence 
that these seeps are not a considerable factor of their associated landslides lies in the fact 
that they did not occur near landslide headscarps. However, it is possible that some 
translational landslides may have been caused by seeps that dried up at the onset of current 
climatic conditions. 
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While the present climate is dry, the ages of the landslides remain unknown, and 
past changes in the precipitation rate are possible. If the climate was wetter in the past 
when some of the translational landslides occurred, saturation of the failure plane 
sediments could have been a factor. Research by Barnosky (1983) suggests the climate of 
the Columbia Basin – within which the study area rests – has remained more or less 
consistent over the past 10,000 years, but shorter cycle climate variations within that 
period could have involved greater precipitation rates necessary to saturate failure plane 
sediments. Cook et al. (2004) provide evidence that western North American precipitation 
was as much as two standard deviations greater 1300 to 2000 years ago than it is today. 
The Pacific Decadal Oscillations described by Mantua and Hare (2002) are characterized 
by 20-30-year fluctuations in climate patterns that have been observed in the Pacific 
Northwest. Research by Nelson et al. (2011) indicate that the first half of the 20th century 
was a relatively wet period compared to the prior 6000 years. Dendrochronology suggests 
these climate variations have persisted for at least 400 years (Mantua and Hare, 2002). 
These studies show that climate over time in the Columbia Basin has been inconsistent, 
leaving the possibility for translational landslides in the study area to be influenced by 
wetter conditions.  
Although the Rattlesnake Hills slide south of the study area is the only slide in the 
region that has been monitored for rate of movement, several slides in the study area were 
identified in which the landslide masses remain perched on the hillslope and could still be 
moving or could continue to move in the future. These include slides 7, 28, 31, 40 and 41 
(Figures 5 and 9). Perhaps what distinguishes these possibly slow-moving slides of the 
region with the fast-moving slides reported by Fan et al., (2009) and Botino et al., (2011) 
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is precipitation and the relative degree of sediment or soil saturation. However, without 
knowing the age of these slides, installing equipment, or having access to long-term 
remote sensing data, it is difficult to quantify the rate of movement for each slide beyond 
the relative sense that slides 7, 28, 31, 40 and 41 are moving too slowly to observe in real 
time. 
The lower calculated permeability of the CPT VII (below the Pomona Basalt), 
relative to the Squaw Creek sand (below the Roza Basalt), suggests that the CPT VII 
should be more likely to fail under circumstances of water saturation and increased pore 
pressure. However, translational landslides are 1.8 times more abundant in the 
Roza/Squaw Creek Members than in the Pomona/ CPT VII Members, which suggests 
permeability is not an important factor in slide initiation. As a result, the influence of 
hydrology in the study area under typical climate conditions is not considered a major 
factor in translational slides involving these stratigraphic units, and in extension, the other 
basalt/interbed couplets within the study as well. 
Implications of the Rattlesnake Hills Landslide 
Tracking the rate of movement of an active translational landslide in the Yakima 
Fold Belt could be very useful for indicating any correlation with seasonal changes in 
precipitation or individual storms. The Rattlesnake Hills Landslide (Figure 1), which 
continues to creep down slope, remains the only known active translational landslide 
mentioned in this report. Much of the site-specific information necessary to characterize 
and interpret the failure factors of this event remain publicly unavailable. However, the 
landslide is currently monitored by several parties including the WGS and operators of the 
Columbia Asphalt rock quarry located at the base of the slide. Survey equipment has been 
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installed to track movement of the landslide since it was first reported in September 2017. 
The WGS computed and plotted average rates of movement of the Rattlesnake Hills 
Landslide over the duration of observed sliding to date (Washington Geological Survey, 
2019). I compared this graph with the average monthly precipitation and actual monthly 
precipitation data gathered by the National Oceanic and Atmospheric Administration 
(NOAA, 2019) over the same time period (Figure 17). 
 After the initial two months of tracking the movement of the Rattlesnake Hills 
Landslide, there is no noticeable relation between the rate of landslide movement and 
precipitation. Precipitation values rose slightly above average during the first months of 
observable slide motion, but quickly dropped below average by December 2017 and 
remained below average through March 2018. During this time period, the rate of 
landslide movement continued to increase or remain constant. Monthly precipitation 
values remained below average over most of the duration for which the rate of slide 
motion was tracked, only rising above average three times after November 2017. None of 
the short-term increases in precipitation during the period of monitoring were associated 
Figure 17. Average rate of movement of the Rattlesnake Hills Landslide versus Precipitation. 
Precipitation data was provided by NOAA and the landslide average rate of movement graph was 
adapted from the Washington Geological Survey. 
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with noticeable increases in the rate of landslide motion. After the spring of 2018, the rate 
of slide motion has steadily decreased through the dry summer months and into the 
following winter wet season. 
The Rattlesnake Hills Landslide is an example of a translational landslide 
interpreted as occurring at the interface between the Pomona basalt and underlying CPT 
VII (C. Hammond personal communication, 2019), similar to several other landslides 
documented in the study area (Table 1). The relationship between the rate of slide 
movement and monthly precipitation tracked over the duration of the slide movement 
(Figure 17) shows that the two metrics are unrelated at the Rattlesnake Hills Landslide. 
This observation is consistent with the assessment that the present-day regional hydrology 
does not appear to play a significant role in triggering translational landslides in the 
Yakima Fold Belt. 
Other Interpretations 
None of the translational landslides identified in this study appear to be fault 
controlled based on the geologic maps spanning the study area (Schuster, 1994A; 
Schuster, 1994B; Schuster, 1994C; Walsh, 1986A; Walsh, 1986B). However, the 
existence of active faults in the region should not go unrecognized as possible landslide 
triggering mechanisms (Bender et al., 2016; Kelsey et al., 2017). Although, landslide age 
information would be needed to determine whether any of the the translational slides of 
this study were associated with prior earthquakes, work by Barnett et al., (2013) suggest 
that the tectonic environment of the Yakima Fold Belt is conducive to earthquakes of 
considerable magnitude. A study by Sherrod, Blakely and Weaver (2015) located the 
source of the 6.5-7 magnitude 1872 earthquake within 100 miles of the study area and 
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identified the earthquake as the probable cause of 2 landslides near its source (outside of 
this study area).  
Sources of Error and Limitations 
Understanding the behavior of interbed sediments beneath basalt in a translational 
landslide is necessary to determine when and where such slides may occur and how the 
sliding mass will behave. It is possible that other non-translational landslides exist within 
the study area that have not been recorded by previous geologic mapping efforts or within 
the WGS landslide inventory, making the percentage of translational landslides a 
minimum value. This attempt to model the behavior of interbed material across all 
translational landslides collectively in the study area is general in nature and assumes 
geologic members are uniform and continuous throughout the study area and that interbed 
sediments have been stressed to residual strength conditions everywhere beneath basalt 
members. At best, such a model may apply to most translational landslides in the study 
area without representing any single event in the sample set well. It is unlikely that the 
assumptions of this model are true for all or any events in the study area; sediments are 
likely to vary spatially in grain size, sorting, induration and percent water saturation. 
However, parameters for this model must be defined that are both possible and testable. 
Void ratio calculations (Table 2) for the CPT VII may be slightly underestimated 
due to absorption of the epoxy by the porous samples. Any deviation between calculated 
and actual void ratio is assumed to be negligible based on 1) the average thickness of the 
epoxy rind on samples after dissection, and – in the case of the CPT VII – error in the 
laser particle-size method for measurement of elongate grains. 
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Only two basalt/interbed couplets have been described within this report, partly 
because more landslides happen in association with them than any other member couplets 
(Table 1) and partly because the interbed sediments involved tend to be more consistent 
geospacially than the interbed sediments involved in other translational slides in the study 
area. Certainly, translational landslides have and will occur in association with other units. 
Basalt/interbed landslides of the study area that were not investigated in detail include 
Frenchman Springs/Sand Hollow, Ginko/Rocky Coulee, Umtanum/Whiskey Dick and 
Museum/Cohassett. Furthermore, the sediments described within the Ellensburg 
Formation represent just two within a vast suite of stratigraphically diverse and 
geospatially varying deposits. It is quite possible mass translation occurs in some events 
with differential slip across multiple failure surfaces which may or may not become active 
at the same time beneath any given basalt member. 
Observations of the structural behavior of the Roza basalt, Pomona basalt and 
associated interbed members are particularly true within the study area and may apply to a 
lesser degree, if at all, elsewhere on the Columbia Plateau. For example, the CPT VII has 
been reported by Schmincke (1967A) to have been baked and even fused into the bottom 
of the Pomona Member in some locations changing its mechanical properties. Another 
example includes the fact that the Squaw Creek sandstone diminishes in thickness to the 
south and east across the plateau transitioning to finer grained diatomite with different 
mechanical properties (Smith, 1988). The Roza Basalt has been interpreted in many places 
as having cooled on dry land in the absence of basal pillows (Mackin, 1961), although 
pillows are now visible in outcrop at Vanderbilt Gap (the aforementioned outcrop 
exposure did not exist during Mackin’s investigation). Although evidence of induration in 
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the samples of CPT VII was not observed, a thin rime of CaCO3 draped over exposures 
was often observed and noted in a particular thin section by Schmincke (1967A). The 
structural nature of both Pomona and Roza basalt members is variable locally and many of 
the characteristics described above may not apply everywhere these members exist. 
Summary 
Qualities associated with Pomona/Selah translational landslides favorable for slope 
parallel failure surfaces include 1) the sharp contact between the vertically jointed 
entablature and relatively thinner lower colonnade (Schmincke, 1967B) at the base of the 
Pomona, 2) horizontal platy joints in the fused and brittle CPT VII when present, 3) the 
sharp contact between the Pomona lower colonnade and the CPT VII when present, 4) 
bedding planes within reworked deposits of the CPT VII, 5) subparallel, slope parallel 
alignment of glass shards in the CPT VII, 6) narrow range of lithology and grain size 
within the CPT VII, 7) lack of CPT VII induration, and 8) considerable lack of clay and 
other fines associated with cohesive soils. Some of these qualities are present at some 
locations and absent in others, but the compounding effect of one or more of these 
qualities present at a given location increases the likelihood of failure along an inclined 
slope. 
Several characteristics of the Roza/Squaw Creek members and contact between the 
two are associated with landsliding. Among those characteristics are 1) the easily erodible 
colonnade of the Roza member, 2) brittle and crumbly basalt pillows at the base of the 
Roza when present (such as at Vanderbilt Gap), 3) the lack of clay and associated fines in 
the Squaw Creek Sandstone typical of cohesive soils, 4) high grain sphericity (Krumbein 
and Sloss, 1963; Miller and Henderson, 2011), and 5) weak siliciclastic induration.  
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Based on the results of this study, the most prominent factor of those tested for all 
translational slides in the study area is the factor of debuttressing. Translational slides do 
not tend to propagate unless the mass that fails has no downslope support; all 
basalt/interbed type translational slides have this in common in the study area. Nowhere 
was a scenario observed in which a mass of rock separated from a headscarp and was 
forced up and over the supporting material further downslope leading to a translational 
slide. 
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CHAPTER VI 
CONCLUSION 
Among the factors of debuttressing; sediment size, sorting and shape; 
precipitation, permeability and porosity; and shear strength tested and observed, 
debuttressing appears to be the most significant association with translational landslides, 
as it was found to play a role in 91% of the translational landslides located in the study 
area. The hydrologic/climatic factors of the study area seem to have negligible effect on 
inducing translational landslides in Eastern Washington. Previous studies have shown that 
homogeneity of grain size and shape, lack of clay and high degree of sorting of sediment 
interbeds also contribute to failure plane development of translational landslides. Although 
this study was unable to quantify how critical these factors are, the interbed sediments I 
analyzed shared these properties.  
GIS analysis of a Lidar DEM, associated geologic maps and satellite imagery 
revealed 33 translational type landslides and commonalities among them in the study area. 
Those commonalities include the tendency for translational landslides to occur on SSW 
aspects dipping between 8º and 32º due to asymmetry of the folds across a NW-SE axis. 
At least 20% more translational landslides occurred between Roza/Squaw Creek members 
and Pomona/CPT VII members than any other basalt/interbed couplet. 
The high degree of sorting, homogeneity of grain shape and lack of clay in the 
Squaw Creek and CPT VII sediment interbed members are conducive for failure plane 
development. A shear strength analysis of both sediments in loose form – simulating 
residual strength conditions from regional tectonic deformation – yielded low strength 
values for both sediments. These results combined with field investigations and 
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observations in ArcGIS indicating failure surfaces exist beneath basalt members validates 
the interpretation of failure plane development. 
Hydrologic impacts on failure plane development were studied for the Squaw 
Creek and CPT VII member sediments. Estimated values of porosity and permeability for 
these sediments were calculated based on their mechanical properties. As described in the 
results, porosity and permeability values for both sediments showed they could easily 
accommodate the annual precipitation patterns in the study area. These results imply that 
current hydrologic effects on translational landslide development in the study sediments 
are negligible. 
The Rattlesnake Hills landslide is an example of an active translational type 
landslide typical of the local geology in the Yakima Fold Belt. Although details of its 
eventual behavior remain unknown, observations of the slide behavior over the past year 
of activity suggest folded basalt units and interbedded sediments on the Columbia Plateau 
are unrelated to regional precipitation patterns. These findings support the interpretation 
that local hydrologic factors are insignificant landslide triggers within the study area. 
Future research should include, first, a more thorough landslide assessment could 
be performed when uniform 7.5-minute geologic mapping and Lidar coverage exist for the 
study area. Second, basalt talus and colluvium typically obscure most landslide scarps, 
roadcuts and other exposures; generalizations from geologic maps and the literature were 
often assumed in lieu of local variations that exist in interbed sediment properties and unit 
thicknesses. Strategic drilling throughout the study area may inform understanding of the 
study area geology and translational landslide dependence on it. Cored samples of interbed 
sediments shear tested nearest their in-situ conditions would provide better data on the 
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strength of interbed materials. The use of a dedicated modeling software combined with 
the Department of Ecology well log database could provide further insight into local water 
table conditions and potential effects on interbed failure planes. Finally, only two potential 
failure plane sediments were studied and compared in terms of landslide inducing factors. 
This study would benefit from further analysis of the suite of other sediments in the 
Ellensburg Formation. 
The research area chosen for this study provided a sample set of translational 
landslides for which several factors have been studied. Knowing where and under what 
circumstances landslides have occurred in the past helps inform the public of dangerous 
conditions. Assessing key factors of translational landslides in the Yakima Fold Belt is a 
critical step toward preparing local communities and infrastructure for future hazards in 
Eastern Washington. 
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APPENDIX A 
 
 
 
 
 
 
 
 
 
 
LANDSLIDE_ID SHAPE_AREA MATERIAL MOVEMENT MOVE_CODE CONFIDENCE 
1 1149624.9992500 R S-T RS-T moderate 
2 6718722.5193600 R S-T RS-T moderate 
3 1224906.9440300 R S-T RS-T moderate 
4 4508053.3722800 R S-T RS-T moderate 
5 1199652.7337000 R S-T RS-T moderate 
6 1107349.5520100 R S-T RS-T high 
7 453739.9000950 R S-T RS-T high 
8 667160.8809480 R S-T RS-T moderate 
9 429583.2456120 R S-T RS-T moderate 
10 1495780.1876300 R S-T RS-T high 
11 347046.2367790 R S-T RS-T high 
12 94907.3587589 R S-T RS-T moderate 
14 261039.4345400 R S-T RS-T moderate 
15 3229278.9961500 R S-T RS-T moderate 
16 4415092.0042600 R S-T RS-T low 
17 974693.6361050 R S-T RS-T low 
18 2066718.0672700 R S-T RS-T high 
19 371723.7999260 R S-T RS-T high 
21 1103999.7655000 R S-T RS-T moderate 
22 484953.6500150 R S-T RS-T moderate 
24 1621800.1328000 R S-T RS-T moderate 
25 730896.7548890 R S-T RS-T moderate 
26 1019922.9680100 R S-T RS-T high 
27 62658.1647401 R S-T RS-T moderate 
28 697138.6858390 R S-T RS-T high 
31 592643.0749400 R S-T RS-T moderate 
33 118616.1445340 R S-T RS-T high 
35 1501554.0733400 R S-T ES-T moderate 
38 338009.3343380 R S-T RS-T low 
39 181166.2707040 R S-T RS-T moderate 
40 292198.1843350 R S-T RS-T high 
41 63660.0043969 E/D S-T ES-T high 
42 386914.6633130 R S-T RS-T low 
Translational landslide properties recorded and calculated from ArcGIS. Refer to Slaughter et al., (2017) 
for descriptions of LANDSLIDE_ID, SHAPE_AREA, MATERIAL, MOVEMENT, MOVE_CODE and 
CONFIDENCE. 
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LANDSLIDE_ID FIELD_VERIFIED RELATIVE_A SLOPE_DEG HS_HEIGHT_ FAIL_DEPTH 
1 Yes PH 11 70 69 
2 Yes PH 8 40 40 
3 Yes PH 12 90 88 
4 No PH 8 325 322 
5 No PH 11 220 216 
6 Yes PH 14 40 39 
7 No PH 14 30 29 
8 No PH 17 45 43 
9 No PH 9 50 49 
10 No PH 17 90 86 
11 No PH 15 70 68 
12 No PH 15 125 121 
14 No PH 9 35 35 
15 No PH 13 120 117 
16 No PH 15 65 63 
17 No PH 8 30 30 
18 No PH 16 65 62 
19 No PH 22 100 93 
21 No PH 21 90 84 
22 No PH 22 70 65 
24 No PH 22 30 28 
25 No PH 8 60 59 
26 No PH 10 45 44 
27 No PH 10 15 15 
28 No PH 20 35 33 
31 No PH 22 65 60 
33 No PH 32 75 64 
35 No PH 12 45 44 
38 No PH 11 12 12 
39 No PH 11 35 34 
40 No PH 10 25 25 
41 Yes PH 30 15 13 
42 No PH 20 60 56 
Appendix A continued. Refer to Slaughter et al, (2017) for LANDSLIDE_ID, FIELD_VERIFIED, RELATIVE_A, 
SLOPE_DEG, HS_HEIGHT_, and FAIL_DEPTH 
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Appendix A continued 
 
  
 
 
 
 
 
 
 
 
 
 
 
LANDSLIDE_ID MVMT_AZIMU VOLUME_FT3 AVG_SCARP_ FIELD_CHECKED LS_Dep_Slope 
1 202.5 79324124.95 0 Yes 12 
2 202.5 268748900.78 0 Yes 10 
3 202.5 107791811.08 23 Yes 15 
4 225.0 1451593185.87 0 No 10 
5 180.0 259124990.48 0 No 15 
6 337.5 43186632.53 0 Yes 16 
7 202.5 13158457.10 0 No 10 
8 45.0 28687917.88 0 No 16 
9 225.0 21049579.04 0 No 9 
10 202.5 128637096.14 0 No 10 
11 202.5 23599144.10 0 No 12 
12 180.0 11483790.41 0 No 26 
14 360.0 9136380.21 0 No 10 
15 22.5 377825642.55 0 No 20 
16 22.5 278150796.27 116 No 9.5 
17 202.5 29240809.08 0 No 11 
18 45.0 128136520.17 128 No 18 
19 180.0 34570313.39 0 No 15 
21 225.0 92735980.30 210 No 16 
22 225.0 31521987.25 52 No 17 
24 202.5 45410403.72 0 No 18 
25 202.5 43122908.54 0 No 18 
26 180.0 44876610.59 102 No 9 
27 180.0 939872.47 18 No 12 
28 360.0 23005576.63 77 No 19 
31 22.5 35558584.50 51 No 29 
33 90.0 7591433.25 55 No 25 
35 337.5 66068379.23 91 No 14 
38 202.5 4056112.01 0 No 18 
39 22.5 6159653.20 0 No 15 
40 225.0 7304954.61 0 No 12 
41 315.0 827580.06 40 Yes 20 
42 45.0 21667221.15 0 No 15 
Appendix A continued. Refer to Slaughter et al, (2017) for LANDSLIDE_ID, MVMT_AZIMU, VOLUME_FT3, 
AVG_SCARP_ and FIELD_CHECKED. LS_Dep_Slope refers to the slope angle of the landslide surface. 
 
 
 
69 
 
 
 
 
LANDSLIDE_ID SlideDirec SlopeDipDi DipDirDev Angl_Verif Aspect 
1 196 208 12 Fold Hinge SSW 
2 209 208 1 Fold Hinge SSW 
3 193 213 20 Fold Hinge SSW 
4 218 208 10 Fold Hinge SE 
5 182 208 26 Fold Hinge S 
6 346 342 4 Fold Hinge NNW 
7 194 215 21 Apparent Dip SSW 
8 46 33 13 Fold Hinge NE 
9 234 212 22 Fold Hinge SE 
10 207 213 6 Fold Hinge SSW 
11 195 205 10 Mt. Baldy S&D SSW 
12 170 213 43 Fold Hinge S 
14 358 33 35 Fold Hinge N 
15 30 33 3 Fold Hinge NNE 
16 18 18 0 Fold Hinge NNE 
17 212 218 6 Fold Hinge SSW 
18 47 48 1 Fold Hinge NE 
19 184 210 26 Fold Hinge S 
21 228 225 3 Fold Hinge SE 
22 226 225 1 Fold Hinge SE 
24 212 224 12 Fold Hinge SSW 
25 210 182 28 Fold Hinge SSW 
26 184 180 4 Fold Hinge S 
27 176 180 4 Fold Hinge S 
28 3 346 17 Fold Hinge N 
31 27 1 26 Fold Hinge NNE 
33 100 170 70 Fold Hinge E 
35 337 349 12 Fold Hinge NNW 
38 197 180 17 Fold Hinge SSW 
39 22 18 4 Fold Hinge NNE 
40 215 215 0 Fold Hinge SE 
41 322 178 144 Fold Hinge NW 
42 34 29 5 Fold Hinge NE 
  
Appendix A continued. Refer to Slaughter et al, (2017) for LANDSLIDE_ID. SlideDirec indicates the azimuth 
direction that the landslide mass followed during failure, SlopeDipDir indicates the dip direction of the 
unaffected dip slope adjacent to the landslide, Angl_Verif lists the indication method of SlopeDipDir as read 
from geologic maps or DEMs in the GIS and Aspect lists the slope aspect of the translational landslide 
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LANDSLIDE_ID Head_Scarp RO_HSH_rat Debris_Tra Planar_Sur Ratio_Rule 
1 70 35.8 0 2 1 
2 40 94.9 0 2 1 
3 90 28.3 1 2 1 
4 325 16.9 1 1 1 
5 220 12.2 1 1 1 
6 40 54.0 1 1 1 
7 30 31.2 1 0 1 
8 45 41.6 0 2 1 
9 50 32.8 0 1 1 
10 90 21.5 1 0 1 
11 70 21.2 1 0 1 
12 125 4.8 0 2 0 
14 35 28.3 0 1 1 
15 120 24.9 0 2 1 
16 65 46.8 1 2 1 
17 30 76.3 0 1 1 
18 65 40.1 1 0 1 
19 100 10.4 1 0 1 
21 90 10.9 1 2 1 
22 70 15.9 1 1 1 
24 30 64.7 1 1 1 
25 60 30.2 0 2 1 
26 45 31.9 1 2 1 
27 15 14.5 1 1 1 
28 35 38.3 1 2 1 
31 65 13.2 1 2 1 
33 75 9.8 1 2 0 
35 45 17.5 1 1 1 
38 12 105.6 0 2 1 
39 35 19.2 1 2 1 
40 25 25.0 1 2 1 
41 15 29.7 1 2 1 
42 60 14.9 1 2 1 
 
 
 
 
 
 
 
Appendix A continued. Refer to Slaughter et al, (2017) for LANDSLIDE_ID. Head_Scarp records headscarp 
height of each landslide as measured from a lidar DEM using the spacial analyst tool, RO_HSH_rat lists the 
runout length to headscarp height ratio for each slide, Debris_Tra provides a binary value: 0 if no debris 
trace is left on the landslide failure surface, or 1 if a debris trace is visible; Planar_Sur indicates 0 if no planar 
surface is visible from a slope shade DEM, 1 if a planar surface is visible or 2 if a planar surface is visible and 
compression ridges oriented normal to SlidDirec; and Ratio_Rule indicates 0 for landslides with a 
RO_HSH_rat value less than 10 or 1 with a RO_HSH_rat value greater than 10. 
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LANDSLIDE_ID Confiden_2 Lat Long ID_Method 
1 3 46.71727888530 -120.46716907200 GER-Portal-LS-Compilations 
2 3 46.71105180430 -120.45821636800 GER-Portal-LS-Compilations 
3 5 46.73519962960 -120.48120360700 GER-Portal-LS-Compilations 
4 3 46.73129535170 -120.44125000400 GER-Portal-LS-Compilations 
5 4 46.72290174290 -120.45923204000 GER-Portal-LS-Compilations 
6 3 46.75739559330 -120.43449481800 GER-Portal-LS-Compilations 
7 3 46.79318827610 -120.47539499400 Lidar 
8 3 46.76808446020 -120.48214774300 GER-Portal-LS-Compilations 
9 3 46.75723811160 -120.49687039000 GER-Portal-LS-Compilations 
10 2 46.79519029940 -120.46960174900 Lidar 
11 2 46.80706158460 -120.46659004500 Lidar 
12 3 46.80517019510 -120.46412205000 Lidar 
14 3 46.76501185220 -120.47787185800 Lidar 
15 3 46.76602296670 -120.48215927500 Lidar 
16 4 46.75180798430 -120.41089478400 GER-Portal-LS-Compilations 
17 2 46.76019138620 -120.50180553900 GER-Portal-LS-Compilations 
18 2 46.85947578410 -120.59046730000 GER-Portal-LS-Compilations 
19 3 46.87646741370 -120.74046337800 Lidar 
21 4 46.87462866190 -120.73743249700 Lidar 
22 3 46.87137324090 -120.73316483400 Lidar 
24 3 46.83567458680 -120.67250785500 Lidar 
25 4 46.83475960900 -120.64924106200 Lidar 
26 4 46.80344144050 -120.58482634400 Lidar 
27 3 46.80624521600 -120.60062289600 Lidar 
28 4 46.79137320470 -120.70696827300 Lidar 
31 5 46.78184140000 -120.75417816500 Lidar 
33 4 46.76769442610 -120.72948920500 Lidar 
35 3 46.79082112710 -120.72933565500 Lidar 
38 3 46.83290954390 -120.65439937000 Lidar 
39 4 46.86559039570 -120.61406335400 Lidar 
40 4 46.79518846010 -120.58586224200 Lidar 
41 5 46.85966142570 -120.55965736500 GER-Portal-LS-Compilations 
42 4 46.84468381150 -120.49965395200 Lidar 
  
Appendix A continued. Refer to Slaughter et al, (2017) for LANDSLIDE_ID. Confiden_2 represents my 
confidence rating for each translational landslide given by the sum of Debris_Tra,  Planar_Sur, Ratio_Rule, 
and Di[_Rule; Lat and Long give the latitude and longitude respectively of the landslide footprint centroid 
and ID_Method indicates whether the landslide was already identified in the WGS Landslide Inventory (GER-
Portal-LS-Compilations) or whether I identified it from the GIS (Lidar). 
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LANDSLIDE_ID Unit Debutressed Seeps/Springs 
1 Pomona Basalt /CPTVII Selah Yes No 
2 Pomona Basalt /CPTVII Selah Yes No 
3 Pomona Basalt /CPTVII Selah Yes No 
4 Ginko Basalt /Vantage Seds Yes No 
5 Ginko Basalt /Vantage Seds Yes No 
6 Pomona Basalt /CPTVII Selah Yes No 
7 Roza Basalt /Squaw Creek Yes No 
8 Museum/Cohassett Yes Yes 
9 Roza Bslt /SquawCrk Sed Yes No 
10 Museum /Cohassett Yes No 
11 Umtanum /Whiskey Dick Yes No 
12 Umtanum /Whiskey Dick Yes No 
14 Ginko Bslt /Rocky Coulee Yes No 
15 Ginko Bslt /Rocky Coulee Yes No 
16 Pomona Basalt /CPTVII Selah Yes No 
17 Roza Bslt /Squaw Creek Sed Yes No 
18 N2 Basalt/Ellensburg Yes Yes 
19 Vantage / Museum Yes No 
21 Vantage / Museum No No 
22 Vantage / Museum No No 
24 Vantage / Museum No No 
25 R2 Basalt/ Ellensburg Yes No 
26 Frnchmn Sprngs /Snd Hollow Yes No 
27 Roza Bslt /Squaw Creek Sed Yes No 
28 N2 Basalt/Ellensburg Yes No 
31 N2 Basalt/Ellensburg Yes No 
33 R2 Basalt/ Ellensburg Yes No 
35 N2 Basalt/Ellensburg Yes No 
38 Frnchmn Sprngs /Snd Hollow Yes No 
39 N2 Basalt/Ellensburg Yes No 
40 Roza Bslt /Squaw Creek Sed Yes No 
41 R2 Basalt/ Ellensburg Yes No 
42 R2 Basalt/ Ellensburg Yes No 
 
 
Appendix A continued. Refer to Slaughter et al, (2017) for LANDSLIDE_ID. Unit indicates the two geologic 
members involved in the landslide listing the overlying member first followed by the member associated 
with the failure surface. Debuttressed indicates whether the landslide showed evidence of debuttressing. 
Seeps/Springs indicates ‘Yes’ if a seep or spring was observed in association with the landslide or ‘No’ if no 
Seeps or springs were observed. 
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APPENDIX B 
 
Appendix B1. Results of the paired sample t-test. Mean values represent average slope angles measured 
for each dataset. 
  
Unaffected 
Slopes 
Affected 
Slopes 
Mean 15 15.1969697 
Variance 38.625 25.155303 
Observations 33 33 
Pearson Correlation 0.60052048  
Hypothesized Mean 
Difference 0  
df 32  
t Stat -0.22045776  
P(T<=t) one-tail 0.41345759  
t Critical one-tail 1.69388875  
P(T<=t) two-tail 0.82691518  
t Critical two-tail 2.03693334   
 
 
Size (μm) % Volume Size (μm) % Volume Size (μm) % Volume 
0.01 0 2.75 0.1 756 0.19 
0.0114 0 3.12 0.11 859 0.35 
0.0129 0 3.55 0.14 976 0.54 
0.0147 0 4.03 0.19 1110 0.73 
0.0167 0 4.58 0.25 1260 0.9 
0.0189 0 5.21 0.32 1430 1.02 
0.0215 0 5.92 0.39 1630 1.07 
0.0244 0 6.72 0.45 1850 1.04 
0.0278 0 7.64 0.53 2100 0.93 
0.0315 0 8.68 0.61 2390 0.75 
0.0358 0 9.86 0.71 2710 0.52 
0.0407 0 11.2 0.85 3080 0.27 
0.0463 0 12.7 1.05 3500  
0.0526 0 14.5 1.33 
 
 
0.0597 0 16.4 1.71 
 
 
0.0679 0 18.7 2.21 
 
 
APPENDIX B2 – CPT VII ash grainsize analysis raw data provided from a Malvern Mastersizer 3000 P. 
Particle size data from the machine was reported in micron increment bins with the total in each bin 
represented as a volume percentage of the whole sample. Particles larger than 0.23 micrometers were 
assumed to be collective chunks of ash particles due to the gap in recorded grainsizes. All particle sizes 
above 0.23 microns were eliminated from the analysis and volume percentages were rescaled 
according to the trimmed data. 
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Size (μm) % Volume Size (μm) % Volume Size (μm) % Volume 
0.0771 0 21.2 2.83 
 
 
0.0876 0 24.1 3.58 
 
 
0.0995 0 27.4 4.42 
 
 
0.113 0 31.1 5.32 
 
 
0.128 0 35.3 6.19 
 
 
0.146 0 40.1 6.95 
 
 
0.166 0 45.6 7.5 
 
 
0.188 0 51.8 7.76 
 
 
0.214 0 58.9 7.67 
 
 
0.243 0 66.9 7.2 
 
 
0.276 0 76 6.38 
 
 
0.314 0 86.4 5.28 
 
 
0.357 0 98.1 4.02 
 
 
0.405 0 111 2.75 
 
 
0.46 0 127 1.63 
 
 
0.523 0 144 0.76 
 
 
0.594 0 163 0.23 
 
 
0.675 0 186 0 
 
 
0.767 0 211 0 
 
 
0.872 0 240 0 
 
 
0.991 0 272 0 
 
 
1.13 0 310 0 
 
 
1.28 0 352 0 
 
 
1.45 0 400 0 
 
 
1.65 0 454 0 
 
 
1.88 0.06 516 0 
 
 
2.13 0.08 586 0 
 
 
2.42 0.09 666 0.06 
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Phi 
Size 
Seive 
No 
Size 
Class 
mm % 
Retained 
% 
Passing 
Sphericity Symmetry b/l3 
PPDN 
  0.000 0.045 0.1 0.1 0.916 0.869 0.849 1814893 
  0.045 0.053 0.2 0.3 0.900 0.869 0.789 1980349 
  0.053 0.063 0.2 0.5 0.886 0.865 0.766 2404919 
  0.063 0.075 0.5 1.0 0.859 0.856 0.739 2066794 
3.75 
No 
200 0.075 0.090 0.8 1.8 0.839 0.848 0.721 2018380 
3.50 
No 
170 0.090 0.106 0.9 2.7 0.806 0.835 0.701 1629041 
3.25 
No 
140 0.106 0.125 1.4 4.1 0.790 0.829 0.696 1421636 
3.00 
No 
120 0.125 0.150 1.9 6.0 0.757 0.817 0.684 1214718 
2.75 
No 
100 0.150 0.180 2.5 8.5 0.735 0.811 0.683 946535 
2.50 No 80 0.180 0.212 2.5 11.0 0.715 0.807 0.684 556057 
2.25 No 70 0.212 0.250 2.3 13.3 0.714 0.813 0.694 330696 
2.00 No 60 0.250 0.300 2.4 15.7 0.715 0.821 0.700 205518 
1.75 No 50 0.300 0.355 2.0 17.7 0.734 0.837 0.707 102063 
1.50 No 45 0.355 0.425 2.1 19.8 0.758 0.854 0.713 63240 
1.25 No 40 0.425 0.500 2.1 21.9 0.769 0.862 0.713 36732 
1.00 No 35 0.500 0.600 2.8 24.7 0.776 0.870 0.711 29202 
0.75 No 30 0.600 0.710 3.7 28.4 0.778 0.875 0.702 21516 
0.50 No 25 0.710 0.850 6.6 35.0 0.802 0.880 0.716 23238 
0.25 No 20 0.850 1.000 10.8 45.8 0.832 0.884 0.741 23680 
0.00 No 18 1.000 1.180 14.6 60.4 0.833 0.884 0.750 21068 
-
0.25 No 16 1.180 1.400 14.4 74.8 0.849 0.879 0.768 12376 
-
0.50 No 14 1.400 1.700 12.2 87.0 0.847 0.873 0.773 6488 
-
0.75 No 12 1.700 2.000 6.8 93.8 0.820 0.864 0.769 1988 
-
1.00 No 10 2.000 2.360 4.0 97.8 0.811 0.864 0.774 788 
-
1.25 No 8 2.360 2.800 1.6 99.4 0.801 0.867 0.773 185 
-
1.50 No 7 2.800 3.350 0.5 99.9 0.780 0.871 0.796 40 
-
1.75 No 6 3.350 4.000 0.1 100.0 0.771 0.893 0.775 3 
-
2.00 No 5 4.000 1000.000 0.0 100.0 1.000 0.000 0.000 0 
APPENDIX B3. Squaw Creek sand grainsize analysis raw data provided from a Retsch Technology 
Camsizer p4. Phi Size and Seive No indicate the equivalent phi size and sieve numbers of the sediment, 
Size Class and mm represent the particle size ranges of the sediment % Retained and % Passing 
represent the percent of the sample by volume retained and passing the respective Seive No, Sphericity 
and Symmetry record those values for the respective fraction of sediment retained on the Seive No, b/I3 
indicates the aspect ratio based on volume for the retained sediment, and PDN indicates the number of 
photos taken of the sediment class size. 
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APPENDIX C 
 
This appendix provides an image of each translational landslide mapped from a lidar bare earth DEM (with exception to LS_IDs 9, 16 and 17 which exist within 
the study area but outside the extent of available lidar coverage). All landslides mapped from the lidar bare earth DEM include surface profiles of a transect 
made across undisturbed earth adjacent to them (A) and a surface profile across the featured landslide (B). Other profiles (C and D) apply similarly to the send 
or third respective landslides pictured in the image when present. 
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Appendix C1. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 1 (see Table 6) 
A 
B 
A 
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Appendix C2. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 2 (see Table 6) 
A 
B 
A 
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Appendix C3. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 3 (see Table 6) 
A 
B 
A 
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Appendix C4. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 4 (see Table 6) 
A 
B 
A 
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Appendix C5. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 5 (see Table 6) 
A 
B 
A 
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Appendix C6. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 6 (see Table 6) 
A 
B 
A B 
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Appendix C7. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 7 (see Table 6) 
A 
B 
A 
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2,780Appendix C8. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_IDs 8, 14 and 15 (see Table 6) 
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Appendix C9. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 9 (see Table 6) 
A 
B 
A 
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Appendix C10. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 10 (see Table 6) 
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Appendix C11. Scarp (black line), flank (brown shadow) and landslide deposit 
(gold shadow) of LS_ID 11 and 12 (see Table 6) 
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Appendix C12. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 16 (see Table 6) 
A 
B 
A B 
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Appendix C13. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 17 (see Table 6) 
A 
B 
A 
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Appendix C14. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 18 (see Table 6) 
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Appendix C15. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_IDs 19, 21 and 22 (see Table 6) 
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Appendix C16. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 24 (see Table 6) 
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Appendix C17. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_IDs 25 and 38 (see Table 6) 
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Appendix C18. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 26 (see Table 6) 
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 Appendix C19. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 27 (see Table 6) 
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Appendix C20. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 28 (see Table 6) 
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Appendix C21. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 31 (see Table 6) 
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Appendix C22. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 33 (see Table 6) 
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Appendix C23. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 35 (see Table 6) 
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Appendix C24. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 39 (see Table 6) 
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Appendix C25. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 40 (see Table 6) 
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Appendix C26. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 41 (see Table 6) 
A 
B 
B 
A 
 
 
 
103 
 
Displacement (Ft)
7006005004003002001000
El
ev
at
io
n 
(F
t)
2,440
2,420
2,400
2,380
2,360
2,340
2,320
Displacement (Ft)
600550500450400350300250200150100500
El
ev
at
io
n 
(F
t)
2,240
2,220
2,200
2,180
2,160
2,140
2,120
2,100
Appendix C27. Scarp (black line), flank (brown shadow) and landslide 
deposit (gold shadow) of LS_ID 42 (see Table 6) 
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